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ANNOUNCEMENT 


The Optical Society of America announces the addition to its 
JourRNAL of a section on “Scientific Instruments” beginning with 
the March, 1922 number. The Journal will henceforth be known 
as the JOURNAL OF THE OPTICAL SOCIETY OF AMERICA AND RE- 
VIEW OF SCIENTIFIC INSTRUMENTS. 

For several years the question of establishing an Instrument 
Journal in this country has been agitated. Practically no source 
of publicity has existed for the presentation of articles describing 
new laboratory and scientific instruments. There has been no 
question as to the need for and desirability of such a journal; 
the problem has been as to the means whereby it might be estab- 
lished. 

Some time past the National Research Council suggested that 
the JOURNAL OF THE OpTicaL Society might enlarge its field to 
include papers on instrument design of all kinds, as well as 
optical. After careful consideration on the part of the Council of 
the Society it was decided that such an arrangement was in the 
best interest of the readers of the JOURNAL. 

By cooperation with the Association of Scientific Apparatus 
Makers of the United States of America, especially through the 
efforts of its president, Mr. M. E. Leeds, by cooperation with the 
National Research Council, and through the agency of certain 
generous patrons, the Optical Society has been able to launch the 
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combined “JOURNAL OF THE OPTICAL SOCIETY OF AMERICA AND 
REVIEW OF SCIENTIFIC INSTRUMENTS” on a strong financial basis. 

The March and succeeding issues of the new JOURNAL will 
devote approximately *% of the reading matter to material 
on instruments other than optical. Beginning May 1922 the 
JouRNAL will be issued monthly instead of bi-monthly, so that 
the total for each year will contain as much material in pure 
optics as formerly and in addition some 400 or 500 pages on 
design of instruments of every description. The rate of subscrip- 
tion probably will be increased sometime during the current year, 
but for the immediate present the same rate will be maintained as 
formerly. 

The success of any journal is largely determined by the length 
of the subscription list. While the JouRNAL oF THE OPTICAL 
Socrety has been very fortunate in this respect, its circulation 
having doubled twice in the past two years, it nevertheless, from 
the specialized nature of the material presented, must have a 
direct appeal to a comparatively limited number of readers. 

The new JouRNAL should interest a very large group of readers. 


It is believed that this enterprise will meet with the approval 
and cooperation of all engaged in scientific work from the manu- 
facture of apparatus to fundamental research. The permanent 
success of the venture rests with the readers and contributors. 
Let each reader and member of the Society cooperate to make 
this JOURNAL one of high scientific merit and large circulation. 
Let us place 2500 subscriptions as a conservative goal for 1923. 





BRILLIANCE AND CHROMA 
IN RELATION TO ZONE THEORIES OF VISION* 


BY 
LEONARD THOMPSON TROLAND 


I. INTRODUCTION 


Ophthalmologists draw a clear line of demarcation between 
three functions of vision which they call the light sense, the form 
sense, and the color sense respectively. They find that in visual 
derangements these three functions may be disturbed more or 
less independently. However, theorists in the field of physiological 
optics have not been able to agree that these three functions rest 
upon separate mechanisms. From some points of view and by 
certain tests they appear to be distinct, but from other angles 
they appear to be simply different aspects of an integral process. 
It is my purpose in the present paper to discuss certain problems 
relating to the separateness of the mechanisms underlying two 
of these functions, viz., those of the light sense and the color sense. 
I shall review and attempt to synthesize certain data previously 
established by others, but in addition shall present new data of 
my own bearing upon the problem. 

It will be necessary in the beginning to define clearly certain 
of the terms to be used in the ensuing discussion. A great deal of 
confusion exists in arguments over visual problems as a result of 
the absence of a definitely established nomenclature. In the major- 
ity of discussions in this field there is a failure to distinguish 
clearly between psychological, or subjective conceptions, and 
physical conceptions which relate only to the stimulus. The 
Colorimetry Committee of the Optical Society in its forthcoming 
report! has worked out what it deems to be a consistent terminol- 
ogy, and I shall make an endeavor to employ this in the present 
paper. You have been accustomed to hear the two aspects of visual 
experience, which I am to consider, described by the terms 


* Paper presented to the Rochester Section of the Optical Society of America, 
October 10, 1921. 


! To appear in a later number of this Journat. 
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“brightness” and “color.” However, the word “brightness” has a 
distinct meaning in photometry which should not be confused 
with that dimension of visual sensation which is defined by the 
terminal qualities black and white. The preferred term for this 
dimension, or attribute, of visual sensation is the word “bril- 
liance.” A careful consideration of all of the circumstances bear- 
ing upon the problem, moreover, seems to make it advisable to 
employ the word “color” to designate any visual sensation what- 
soever, including the neutral, or achromatic, qualities as well as the 
chromatic ones. In order to distinguish the latter from the former, 
therefore, we must employ a different word, for which the term 
“chroma”’ appears to be appropriate. I may therefore define my 
problem succinctly as that of the interrelation between the physio- 
logical mechanisms underlying brilliance and chroma vision. 


II. Facts INDICATING THE INDEPENDENCE OF BRILLIANCE 
AND CHROMA 


There is a considerable array of facts which strongly suggest 
that these mechanisms are distinct from one another. The first 
consideration which comes to mind is naturally that of the évolu- 
tion of color vision. Experiments in the field of comparative 
physiology, such as those carried out by the indefatigable Carl 
von Hess,? indicate clearly that the invertebrates are totally 
lacking in chroma vision. Their reactions to radiation are wholly 
in terms of different degrees in a single dimension which we may 
suppose to be that of brilliance or apparent brightness. Their 
vision is achromatic. The consensus of evidence also is that the 
lower vertebrates, such as fish, are incapable of chromatic dis- 
crimination, their differentiated responses to various colors being 
based wholly upon differences in the brightness effects of the 
latter.2 Many birds and mammals, however, seem to possess the 
power of true chromatic differentiation between stimuli. The 
visual capacities of the higher primates are apparently practically 


* See, for example, Hess C. v. Beitriige zur Kenntnis des Lichtsinnes bei Wir- 
bellosen. Arch. f. d. ges. Physiol., 177, 57-109; 1920. 

3 See, for example, Schnurmann, F. Untersuchungen an Elritzen tiber Farben- 
wechsel und Lichtsinn der Fische. Zeitsch. f. Biol., 71, 69-98; 1920. 
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the same as those of man. It appears probable, therefore, that 
brilliance vision appeared in the course of evolution long before 
chromatic vision, the latter being superposed upon the former by 
a process of accretion or of differentiation. 

Facts of visual pathology and anomaly also suggest strongly 
that brilliance vision is more fundamental than chromatic vision. 
Disease or injury of the nervous mechanisms connected with 
vision more readily disturbs chromatic discrimination than it 
does discrimination in terms of brilliance. Congenital partial or 
total “‘color blindness’ involves a loss or impairment of the 
capacity for differentiation of chromas without necessarily bring- 
ing with it a similar disorder of brilliance judgment. The different 
types of chromatic blindness can, in fact, be arranged in an evolu- 
tionary series ranging from anomalous trichromatism through 
deuteranopia, or green blindness, and protanopia, or red blind- 
ness, to the complete absence of chromatic response which is 
commonly known as “‘total color blindness.’* In these various 
forms of chromatic blindness it would appear that successively 
laid down strata of visual mechanism have been destroyed by 
accidents to the germ plasm, these accidents representing various 
degrees of atavism. The resulting visual types may be taken to 
represent actual stages in the evolution of human vision. 

However, we do not have to look to pathological or rare cases 
for evidence that chromatic vision is something superposed upon 
a more fundamental brilliance vision. In the distribution of the 
capacity for chromatic discrimination between the center and the 
periphery of the visual field we seem to discover a replica of the 
evolutionary process. In the extreme periphery of the visual field 
chromatic vision appears to be practically in abeyance, all objects, 
except under conditions of very high illumination, being perceived 
as neutral in color.’ As the stimulus is moved from the periphery 
towards the center, chromatic discrimination in terms of blueness 


“See Hess, C. v. Die Rotgriinblindheiten. Arch. f. d. ges. Physiol., 185, 147-164, 
1920. 

* Ferree and Rand find that red, yellow and blue, but not green, can be perceived 
as chromatic at the extreme periphery with a sufficient intensity of light. See Ferrée, 
C. E. and Rand, G. The Absolute Limit of Color Sensitivity and the Effect of Inten- 
sity of Light on the Apparent Limit. Psychol. Rev., 27, 1-23, 1920. 
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or yellowness first becomes possible, this being succeeded at a more 
central position by an added power of discrimination in terms of 
redness and greenness. In the center of the field for the normal 
individual we find complete color vision. It is a very significant 
fact that in spite of these wide differences which exist between the 
chromatic perception of various portions of the retina, under con- 
ditions of daylight adaptation, the visibility curves representing 
the brilliance responses of these various portions are practically 
identical.* 

Another very impressive group of facts which indicate the 
separability of the mechanisms underlying brilliance and chroma 
is to be found in a considerable number of laws of visual response 
in which the effects produced by lights of different color are sub- 
stantially independent of the chromatic aspect and rest almost 
wholly upon the brilliance factor. One of the most familiar of 
these laws is to be found in the logarithmic function which con- 
nects visual acuity with luminosity. This function, which repre- 
sents the threshold of the form sense, is seemingly determined, to 
the first order at least, by the brilliance value of any stimulus 
independently of its hue or saturation effects.’ There are, of 
course, second order dependencies upon wave-length, as has been 
demonstrated by Luckiesh,* but these latter dependencies are 


* See Parsons, J. H. An Introduction to the Study of Color Vision, p. 71, 1915. 

7 The proposition that the acuity index depends upon the brightness value of a 
stimulus, independently of its color, was clearly enunciated by Helmholtz in several 
places, and had been assumed by previous workers such as Macé de Lapinay and Nicati 
who employed equality of acuity as a criterion of equality of brightness. Repeated 
attempts have been made to employ an acuity test as a basis for heterochromatic 
photometry. Kénig regarded his very systematic work on this subject as clearly sub- 
stantiating Helmholtz’s original conjecture. See Kénig, A. Die Abhangigkeit der 
Sehscharfe von der Beleutungsintensitit, Gesammelte Abhandlungen zur Physiologi- 
schen Optik. 1903, p. 391. However, the problem is much complicated by uncertainty 
in the conditions or method of observation; the proportions of rod and cone vision 
involved, the exact visibility curves of the observers, and the exact importance of the 
purely physical chromatic aberration effects within the eye. Dr. Ferree finds a very 
considerable dependence of acuity upon chroma even when rod vision is excluded. 
Whether his results, in common with those of Luckiesh, can be explained in terms of 
the refractive properties of the eye or whether they will require a retinal basis is at 
present uncertain. 

* Luckiesh, M. Color and Its Applications, pp. 130-137, 1915. 
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directly traceable to the chromatic aberration of the eye which 
forms a sharper image upon the retina for the mid wave-lengths of 
the spectrum than for the extreme wave-lengths. Given equally 
sharp retinal pictures, it would seem that the resolving power of 
the optical mechanism is determined wholly by the brilliance 
response without reference to chroma. 

Another well known law of this character is that which links 
critical flicker frequency with the brightness of the stimulus. 
T. C. Porter found that this frequency, the rate of alternation of a 
color with black which is required just to eliminate flicker, is 
strictly proportional to the logarithm of the brightness through- 
out a range of from 1 to 12800 units of intensity and that the pro- 
portionality factor is strictly independent of wave-length. Here 
again, as shown later by Ives,"® there are secondary dependencies 
upon chroma, but these seem to rest upon the fact that there are 
two kinds of flicker, one a brilliance flicker and the other a chro- 
matic flicker, which are not quite separable at low intensities and 
rates of alternation. Moreover, the situation is complicated by 
the different degrees of participation of rod and cone vision in the 
process as aroused by stimuli of different wave-lengths at low 
brightnesses, the brilliance response of the rods being much more 
sluggish than that of the cones. The substantial independence of 
critical flicker frequency upon chroma is, of course, the basis of 
the critical frequency method of heterochromatic photometry. 

Another function of brilliance which shows very little con- 
comitant dependence upon chroma is the time required for the 
brilliance sensation to reach its maximum after the first applica- 
tion of the stimulus. McDougall’s investigation" indicated that 
this so-called action time was quite independent of chroma. 
The much discussed experiments of Broca and Sulzer,” however, 


* Parsons, J. H., of. cit., p. 96. 

1° Ives, H. E. Studies in the Photometry of Lights of Different Colors. II. Spectral 
Luminosity Curves by the Method of Critical Flicker Frequency. Phil. Mag., 
24, p. 357-362, 1912. 

™ McDougall, W. The Variation of the Intensity of Visual Sensation with the 
Duration of the Stimulus. British Jour. of Psychol., 1, p. 189, 1904 

2 See Nutting, P.G. The Luminous Equivalent of Radiation. Bull. of the Bur. 
of Stands., 5, p. 293; 1908. 
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showed a considerable difference in the rates of rise of sensation 
due to stimuli of different wave-length compositions. The recent 
very elaborate measurements of Bills" also show an appreciable 
difference between colors of the same brilliance but differing hue. 
However, neither of these investigations, apparently, were made 
under conditions which insure equal degrees of participation of 
rod and cone vision for all of the stimuli employed, and the close 
affiliation which exists between rates of rise and fall, for various 
stimuli, and flicker frequency, suggests that causes of error in the 
investigations in question may exist. 

A further very important visual function which rests exclusively 
upon the luminosity of the stimulus is the brightness discrimina- 
tion threshold. The elaborate measurements made by Kénig™ 
with a wide range of spectral stimuli demonstrate that for cone 
vision Weber’s constant, and Fechner’s law, which is derived from 
it, are practically independent of chroma. It is probable also that 
the brilliance contrast effects between color fields of differing 
brilliance are independent of concomitant chroma or chroma 
differences. I gather this from qualitative observations of my 
own, although I have not been able to find any published accurate 
data on the subject. The investigations of Ives and others have 
made it clear that the separate brightnesses of different colors 
which are mixed additively summate arithmetically without 
reference to their differences in chroma. 

All of the above discussed facts, which indicate that brilliance 
can act as an independent variable determining other visual 
functions almost without reference to the accompanying chroma, 
may perhaps be regarded as somewhat lacking in significance 
because, to a certain extent at least, they may be considered as 
definitory of the nature of brilliance. It has been suggested, 
for example, that brilliance be defined in terms of equal flicker 
frequencies or in terms of equal acuity results. I do not regard 


1% Bills, M.A. The Lag of Visual Sensation and Its Relation to Wave-Length and 
Intensity of Light. Psychological Review Monographs, 28, No. 5. 

4 See Nutting, P. G. Joc. cit., p. 286. 

% Ives, H. E. Studies in the Photometry of Lights of Different Colors. IV. The 
Addition of Luminosity to Different Colors. Phil. Mag. 24, pp. 845-853, 1912. 
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this objection as actually capable of substantiation, but, on the 
other hand, it is significant that most of the laws which we have 
above considered involve processes of discrimination as essential 
factors. These discrimination processes undoubtedly depend upon 
cortical mechanisms which are especially adapted to deal exclu- 
sively with brilliance or its underlying physiological correlate, and 
hence the lack of dependence which the resulting reactions show 
with respect to chroma might be considered as indicative merely 
of a highly efficient selective response of these discriminative 
activities. However, there are other facts to which we can yet 
appeal which are not subject even to this last objection. 

It is a common conviction among students of physiological 
optics that negative after-image phenomena depend upon retinal 
rather than upon central changes. These phenomena are usually 
explained in terms of general or differential retinal fatigue, that is, 
as results of reduction in the sensitivity of the retinal mechanism 
to stimuli, this sensitivity being supposedly represented by the 
concentration of some chemical substance. Negative after-image 
effects may be divided into brilliance and chromatic aspects. I 
have personally made a very large number of observations and 
measurements upon the brilliance aspects of negative after-images 
produced by spectral or other highly chromatic stimuli. Except 
under special conditions which I shall discuss in more detail later 
on I have found these effects to be practically independent of 
chroma. For example, the duration of negative after images 
produced by spectral colors and projected upon a reacting field or 
background of the same spectral color as produced the image are 
practically the same for all wave-lengths of the stimulus.” It is 
true that there is a slightly less duration for stimuli lying at the 
ends of the spectrum than for those lying in the middle, and also 
that the red after-image has a somewhat longer life than the 
violet one. However, it seems probable that these secondary 
differences are due to differences in the sharpness of the primary 
stimulus images which produce the after-effects, such sharpness 


%* Troland, L. T. Apparent Brightness; Its Conditions and Properties. Trans. 
of the Illum. Eng. Soc. 5, p. 954; 1916. 
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discrepancies being referable to the chromatic aberration of the 
eye, which influences the distinctness of the retinal picture in the 
several cases. I have made careful measurements of the time 
required for brilliance fatigue, or minuthesis, as I have proposed 
to call it, to reach an equilibrium condition for different spectral 
stimuli, and find that for colors of equal brilliance this time is 
practically independent of chroma. Similar statements apply to 
the degree of reduction of the sensitivity of the visual system 
which is brought about by this minuthetic process in any specified 
time or at equilibrium with stimuli of equal brightness. The gen- 
eral laws of brilliance minuthesis, in other words, are substantially 
independent of chroma. I shall return to a consideration of such 
further special laws later on. 


III. THE PROBLEM IN THE LIGHT OF CLASSICAL THEORIES 


Having reviewed the above facts bearing upon our problem, 
let us now turn to a discussion of the most important theoretical 
treatments dealing with the interrelation of brilliance and chroma 
vision. The two salient theories of vision, those of Hering and of 
Young and Helmholtz," involve radically distinct conceptions 
of the relation holding between brilliance and chroma. Hering, 
in the original formulation of his theory, regarded brilliance as 
identical with whiteness and, therefore, as proportional to the 
degree of excitation of the white process, in his theory, or of lack 
of excitation of the black process. Later on, however, he intro- 
duced the conception of the specific brightness of colors according 
to which the red and yellow processes of his theory possess a 
brilliance-producing power while the green and blue processes 
have a negative capacity in this respect, or are “specifically 
dark.” The total brilliance effect according to Hering’s view, 
therefore, represents the algebraic sum of contributions made by 
all six processes, the white, red, and yellow adding to, while the 
black, blue, and green subtract from the total. Even in accord- 
ance with this specific brightness theory, however, the preponder- 
ant contribution appears to be made by the black-white process, 


‘7 For expositions of these two theories see Parsons, J. H., op. cit., Part III. 
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so that Hering’s hypothesis seems consistent with the existence of 
a very considerable independence of brilliance function with 
respect to chroma. A residual dependence, however, should be 
expected, and this should be of the order of magnitude of the 
difference between cone and rod vision luminosity distribution 
over the spectrum, or between the photopic and scotopic visibility 
curves. It was in order to explain these differences that Hering 
originally introduced the specific brightness theory. 

The Young-Helmholtz theory, being characterized in general 
by a less subtle psychological analysis, than that which governed 
Hering’s conjectures, makes assumptions concerning the interre- 
lations of the brightness and chroma mechanisms which are far 
simpler and more naive. Helmholtz himself and also his followers, 
K6nig and Dieterici, paid relatively little attention to the relations 
of photometric measures to color-mixture data. The latter two 
investigators, for example, although their determinations of the 
three color sensation curves are probably the most thorough on 
record, provide us with no measures whatsoever of the relative 
photometric values of the unit in which their sensation curves are 
expressed. This criticism, however, does not apply to Abney,"* 
whose recent death robs us of one of the most painstaking investi- 
gators of visual phenomena in the light of the Helmholtz Theory. 
This theory, as is well known, makes the chromatic aspects of 
color vision depend upon the proportions of excitation of three 
elementary mechanisms. It is very natural to hold that the 
brilliance accompanying any complex or simple excitation is 
simply the sum of the excitation values of the components which 
are involved. 

The treatment of brilliance or luminosity value as the sum of 
the color excitation values is not only a theoretically obvious 
hypothesis, but is a straightforward development of the data 
involved in the case; although in spite of this fact these data 
cannot be regarded as proving the physiological identity of the 
brilliance and chroma mechanisms. When a spectrum having a 
characteristic luminosity distribution,—for example one possessing 


18 See Abney, W. de W. Researches in Color Vision and the Trichromatic Theory, 
1913 
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equal energy values, for all wave-lengths, in which case the 
luminosity distribution would be proportional to the visibility 
curve,—is matched by varying mixtures of three elementary 
stimuli it is of course a necessary consequence of the additive 
property of luminosities that the sum of the luminosity distribu- 
tions of the three elementaries should yield the original luminosity 
distribution of the spectrum which was matched. However, this 
same result should be expected if the luminosity values of the 
elementaries do not represent integral aspects of the color excita- 
tion processes, but simply more or less accidental associates of 
these excitation values the magnitudes of which are determined by 
the exact point in the spectrum from which the three elementary 
stimuli are picked. The brilliance process necessarily has a charac- 
teristic distribution over the spectrum, represented approximately 
at least by the visibility curve. Similarly, the three chromatic 
processes also have their own characteristic distributions, and a 
stimulus taken at any point in the spectrum will naturally pick 
up the chromatic and the brilliance activities in a fixed ratio, and 
this ratio will enter as a constant in all subsequent color-mixture 
operations. These experimental facts, therefore, provide us with 
no basis for distinguishing between the inherent brilliance assump- 
tion and the idea that brilliance depends upon a mechanism 
distinct from that governing chroma. 

It does seem to me, however, that the relative magnitudes of 
the three coefficients which are empirically found to represent 
the above mentioned proportionality between the brilliance and 
chromatic powers of any stimulus, do have some bearing upon the 
probability of the inherent brilliance assumption. When the 
elementaries to be mixed are red, green and blue, practically all 
of the luminosity of the spectrum appears to depend upon the red 
and green, the blue contributing only about one per cent. of the 
total. Depending upon the exact elementaries which are selected, 
either the red or the green may greatly preponderate over the other. 
Such large discrepancies between the chromatic and the brilliance 
powers of the elementaries would suggest that the underlying 
mechanisms of the two functions are actually distinct, these 
coefficients representing an arbitrary association of the two. 
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Another consideration which points in the direction of an 
independence between the brilliance and chromatic mechanisms 
is to be found in the very perfect symmetry of the retinal visi- 
bility curve.'® This latter curve is obtained by correcting the 
ordinary normal visibility curve for the selective absorption of 
the ocular media, and should be regarded as representing the 
spectral sensitivity of the brilliance process by itself. It is improb- 
able that independent spectral distributions having maxima in 
different portions of the spectrum, such as those of the three 
fundamental chromatic excitations, should be capable of sum- 
mating to yield the very perfect, symmetrical curve which 
represents the retinal visibility function. It is true that the 
empirically obtained chromatic excitation curves do actually 
summate in this manner, but it seems probable that their exact 
form is dictated by the relations between a symmetrical bril- 
liance function and chromatic response curves which in their 
true physiological forms do not actually summate to yield a sym- 
metrical curve. 


IV. Stupres oN THE “ABNEY EFFECT” 


Although a direct analysis of the color-mixture system does 
not permit us to differentiate between the two hypotheses which 
we have under consideration, it is far from being impossible to 
find a means of testing between them. It would seem likely, 
a priori, that there must be some way by which the casual 
association of a chromatic and a brilliance process, such as that 
which a theory of the Hering type supposes to exist for a stimulus 
of any given wave-length, could be broken down. A method of 
actually dissolving this association presents itself in experiments 
of brilliance fatigue with lights of different color. Exposure of 
the retina to continued stimulation by radiation of any wave- 
length composition brings about a radical reduction in both the 
chromatic and the brilliance responses of the eye. In the course 
of the exposure the apparent brightness of the color is reduced by 
an asymptotic process to a level which is lower the higher the 


19 See Troland, L. T. loc. cit., p. 955-957. 
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intensity of the stimulus and which at moderately low intensities 
may amount to the elimination of ninety per cent. of the original 
value. At the same time the color, if it be chromatic, changes in 
saturation and usually also in hue. A careful study of the laws 
governing these simultaneous brilliance and chromatic fatigue 
processes, or as I have proposed to call them, minutheses, ought 
to throw a clear light upon the question as to the fundamental 
dependence or independence of the two. 

I am not acquainted with any exact data bearing on the ques- 
tion as to the identity of the Jaws of minuthesis for brilliance and 
chroma. Qualitative observations of my own indicate that the 
two processes do not occur at the same rate or exhibit the same 
constants. I hope in the near future to make some careful quan- 
titative measurements on the simultaneous courses of these two 
processes. It ought to be particularly instructive to carry the 
minuthesis to its asymptotic limit both for the brilliance and 
chromatic aspects of the sensation, and then to observe the course 
of recovery of these two attributes. Qualitative observations indi- 
cate that they do not recover at the same rate. 

One very obvious method, resting upon the facts of minuthesis, 
of attacking our problem is as follows. Suppose that we fatigue 
the retina by a spectral red of given intensity and that we measure 
the diminution in apparent brightness brought about by this 
minuthetic process. Let us then throw upon this fatigued area a 
spectral green stimulus and again measure the reduction in ap- 
parent brightness which has been produced for this second 
stimulus. Since the spectral red should be expected to fatigue 
the elementary red sensation mechanism much more than the 
elementary green mechanism we should anticipate on the Abney- 
Helmholtz assumption that the luminosity reduction for the 
green stimulus would be much less than for the red one. On the 
other hand, if brilliance and chroma depend upon distinct mechan- 
isms the factors involved, so far as brilliance is concerned, should 
be the same in the case of the green as in that of the red, and 
consequently the percentage reduction of the two should be 
identical. Another way of stating the proposition in a very 
general form is to say that fatigue with colored stimuli should be 
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expected on the Abney-Helmholtz hypothesis to modify the form 
of the visibility curve, whereas on the alternative theory this 
should not occur. 

Abney himself carried out experiments of this general charac- 
ter, and his results indicate clearly that a modification in the 
form of the visibility curve actually does occur.” Moreover, 
according to Abney’s analysis, the change in question is exactly 
such as would be expected in accordance with his own hypothesis. 
His results, so far as they go, are clearly in the direction of sub- 
stantiating the idea that brilliance and chroma depend upon the 
same mechanism. However, Abney’s conditions of experimenta- 
tion were such as still to leave some doubt in our minds as to the 
exact significance of his results. In the first place, the size of 
field which he employed was evidently such as to permit a con- 
siderable amount of rod vision to be involved. Different degrees 
of participation of rod and cone vision accompanying the applica- 
tion of various spectral stimuli yield results very similar to those 
obtained in Abney’s experiments. The effects obtained by Abney 
were apparently small, although the smoothness of his curves 
indicates a precision which is astonishing for heterochromatic 
comparisons of the type involved in such investigations. More- 
over, the contrasts in color saturation which appear in such experi- 
ments may readily be confused with brilliance contrasts, provided 
the latter are small. However, the most serious objection to 
Abney’s work lies in the fact that he neglected, in his experiments, 
to determine the absolute degree of fatigue, his data giving simply 
the proportionality between the two compared colors. Although 
his results may indicate some degree of interdependence of bril- 
liance and chroma, we cannot from his data determine whether 
the relation is of the exact magnitude which is required by his 
own theory or not. 

I have particularly been led to doubt the significance of Abney’s 
results because of the outcome of certain experiments of my own. 
Several years ago at Nela Park I carried through a series of 
minuthesis measurements” with spectral colors the conclusions 


* Abney, W. de W. of. cit., pp. 371-380. 
* As yet unpublished. 
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of which were that the brilliance minuthesis brought about by one 
spectral color carried over without change to any other such 
color, or in other words, that the minuthetic effects of different 
spectral colors of the same brightness are identical as tested by 
all colors. Large saturation contrasts existing in my experiment, 
however, would have made impossible the reliable detection of 
apparent brightness contrasts much less than twenty per cent in 
magnitude, although I employed the constant error technique 
and was able to compute statistical differences less than the 
threshold. The upshot of my measurements was that if any 
Abney effect,—as we may call it,—existed, it was smaller than 
the photometric threshold in my comparisons. More recently 
Mr. C. H. Langford and I have taken up this problem anew in 
the Harvard Psychological Laboratory. Mr. Langford has made 
preliminary observations of a qualitative nature employing a 
considerable number of subjects to determine whether or not the 
Abney effect is observed. He finds that the majority of persons 
experience such an effect, although it is so small that the observer 
often has difficulty in determining whether the contrast is one of 
brilliance or of saturation. At the same time there are some per- 
sons who report a reversed Abney effect. I have observed the 
latter myself quite strongly with certain combinations of stimuli. 
This reversed effect, so far as it goes, would point in the direction 
of the Hering theory of specific brightnesses combined with the 
doctrine of antagonistic colors. It is quite probable, however, 
that the reverse phenomenon is attributable to a failure exactly 
to balance photometrically the two stimuli of different color 
which are utilized in the fatigue phase of the experiment. 

Since one of the principal difficulties which is encountered in 
experiments of the type just described consists in the existence 
of a very large saturation contrast superposed upon the brightness 
contrast which it is desired to study, it occurred to me that a 
flicker method might be applied to the problem, the saturation 
contrast being eliminated by fusion in accordance with the well 
known principle of the flicker photometer. Mr. Langford and I 
have carried through a systematic series of observations employ- 
ing this method, the two color stimuli which were used being an 
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extreme spectral red or its equivalent, and a minus red obtained 
by use of the Wratten No. 44 filter. The procedure was as follows. 
The retina of one eye was first fatigued for three minutes to a 
two degree field of the red, fixation being kept constant on the 
center of the field. The red stimulus was now alternated with the 
minus red, or green, in the same field, and the intensity of one or 
the other of the two stimuli was varied until the minimum or zero 
flicker point was found. The intensity of the variable stimulus 
required for this flicker match was recorded. At another time a 
similar flicker match was established in the absence of minuthesis 
by the red stimulus. Two photometric values were thus obtained, 
the one standing for the brilliance of the red relative to the green 
with minuthesis, and the other for the same relationship substan- 
tially without minuthesis. In parallel with these two measure- 
ments, determinations were made of the degree of minuthesis 
which resulted from the three minute fatigue exposure, this being 
accomplished by fatiguing a semicircular field and matching this 
in brilliance by variations in the intensity of a stimulus projected 
upon the adjacent semicircle at the termination of the fatigue 
exposure. 

From the data thus obtained, using Abney’s color sensation 
curves and the known spectral distributions of the stimuli which 
were employed, it was possible to compute not only the intensity of 
the Abney effect which actually appeared to two observers, but 
also that which should be expected theoretically in accordance 
with the Young-Helmholtz assumptions. This latter value is ap- 
proximately 75 per cent., representing the depression of the appar- 
ent brightness of the red relative to that of the green. The values 
actually found, however, were for one observer only 3 per cent. and 
for the other 5 per cent. The empirical results, therefore, are in 
radical disagreement with the Young-Helmholtz assumptions as 
interpreted by Abney. They indicate that the linkage between 
brilliance and chroma is far less thorough-going than is supposed 
by these latter theoretical interpretations. Indeed the Abney 
effect is so small as to suggest that there is actually no affiliation 
whatsoever between the two functions, on the supposition that the 
values for the effect actually found are simply due to errors of 
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observation. However, considerable care was taken in the experi- 
ments to eliminate all asymmetries in the technique, and compu- 
tation of the probable error of the average results indicates that 
the magnitudes actually found probably have some significance. 
The results would seem more consistent with an hypothesis of 
Hering’s type in which the main body of brilliance sensations is 
attributed to a single process independent of the chromatic 
excitations although there is a slight residual contribution of 
brilliance due to the latter. It is possible, however, to reconcile 
the results with the Young-Helmholtz Theory if we suppose 
that the three chromatic spectral distribution curves overlap in 
the spectrum much more extensively than has been assumed by 
Abney and other interpreters of the Young-Helmholtz Theory. 
This overlap, however, in order to explain our results, would 
necessarily be so great that all three of the chromatic curves 
would differ only slightly from the visibility curve. There are 
other data which indicate that the actual overlap is greater than 
assumed by Abney, and on this hypothesis our data could be 
employed to compute the magnitude of this overlap. 


V. THe Diwmtnc EFFECT AND THE ASSOCIATION OF BRILLIANCE 
WITH CHROMA 


In the foregoing discussion I have supported the thesis that 
the mechanisms underlying brilliance and chromatic vision are 
distinct, and have attempted to refute the doctrine of the Young- 
Helmholtz Theory which identifies these mechanisms. I wish to 
turn now to certain phenomena which, I believe, are quite new 
and which point in the opposite direction, indicating a very 
strong affiliation between the brilliance and chromatic functions. 
These phenomena appear under the influence of sudden changes 
in the brightness of the stimulus field. The fundamental processes 
which are involved are probably identical with those of effects 
which I have previously described elsewhere in conjunction with 
such brightness changes.” 


* Troland, L. T. Preliminary Note; The Influence of Changes of Illumination 
upon After-Images. Amer. Jour. of Psychol., 28, pp. 497-503; 1917. 
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The conditions for the observation of the phenomena in ques- 
tion, in ‘relation to our present problem, may be described as fol- 
lows. The retina is first fatigued by exposure to a bipartite field 
consisting of two semicircular areas of different color, for exam- 
plea red and a green, of equal brilliance. Fixation is constantly 
directed to the center of the dividing line of this field. At the 
end of the fatigue phase of the experiment the entire circular field 
is converted into a single color, ordinarily that of one of the fatigue 
phase stimuli. This is an ordinary procedure for the study of 
the Abney effect, and this effect, if it manifests itself at all, should 
be visible on the homogeneous field at the moment of the removal 
of the additional color which was present in the first phase. In 
my own experience, as previously stated, however, practically no 
brilliance difference exists between the two halves of the field. 
The Abney effect, if it appears, will be of the order of magnitude 
of five per cent. If now the stimulus field be suddenly darkened or 
dimmed in intensity, say to about one quarter of its initial value, 
a very strong brilliance contrast will often appear. The degree of 
this contrast depends upon that of the dimming as well as upon 
the absolute brightnesses of the stimuli, and it is furthermore 
dependent in a very important way upon the exact color pairs 
which were employed in producing the original minuthesis. For 
some color pairs the contrast is practically absent, but for others 
it is very high, amounting often, I should estimate, to a difference 
of ninety per cent. In other words this dimming technique, or 
test, brings out an Abney effect, or analogous phenomenon, which 
is of the magnitude which should actually be expected from theory 
for the case of stimuli not varied in intensity. These results seem 
to indicate inevitably that there is a fundamental linkage between 
the brilliance and chromatic mechanisms, which linkage manifests 
itself, however, only under these special conditions. 

I have made some preliminary experiments on the influence of 
various combinations of spectral colors upon the effect in ques- 
tion. Four spectral colors, representing red, yellow, green and 
blue, were selected and each of these were made up into a pair 
with each other and in successive series of observations the minu- 
thetic effects of all of these pairs were projected upon each of the 
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four spectral stimuli as reacting excitations. The results form 
a rather complex system but in practically every case in which a 
red was involved a strong brightness contrast appeared during 
the dim phase of the experiment. The indications, therefore, are 
that the red chromatic excitation is affiliated with the brilliance 
process in a unique manner.” The brilliance contrasts in the case 
of the red in comparison with other stimuli were in the direction 
coinciding with an expected Abney effect. However, the bril- 
liance contrasts appearing in the case of the blue stimulus in com- 
parison with certain others were in an opposite direction. 

It is not my purpose in the present paper to attempt a thorough 
explanation of these complicated relationships. It will be neces- 
sary to accumulate a considerable mass of quantitative data 
before this can be accomplished with any degree of satisfaction. 
However, it is necessary as a portion of the argument here to 
consider briefly a certain general hypothesis concerning the 
mechanism underlying these dimming effects. I have previously 
studied experimentally in great detail similar phenomena which 
appear upon dimming a homogeneous circular stimulus field upon 
one half of which is projected a negative after-image produced by 
the same stimulus but of lesser area. Under such conditions a 
a very strong initial brilliance contrast exists between the two 
halves of the field, since one half has been fatigued to brilliance 
and the other has suffered no minuthesis whatsoever. In the 
course of a minute or so, depending upon the length of the fatigue 
exposure, this brilliance contrast disappears, owing to the reduc- 
tion of the fresh area to a level of sensitivity substantially similar 
to that of the other half of the field. If now, however, the field 
be dimmed, the brilliance contrast returns with great vividness. 
On maintaining the field at the dimmed intensity, this brilliance 
contrast rapidly disappears. If, next, the intensity be restored 
to its original value a brilliance contrast reappears, but this time 
in the opposite direction from that which characterized the 
original effect and also that obtained by dimming. In other 

In the Young-Helmholtz Theory, as interpreted by the majority of its expo- 


nents, this uniqueness of the red would probably consist in its being the only chromatic 
process which is capable of being excited in isolation from others. 
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words there is a reversal of the brilliance contrast during brighten- 
ing of the field. If the bright state is maintained, the brilliance 
contrast again fades out. This process of dimming and brighten- 
ing with rejuvenation of the brilliance contrast can be carried out 
over and over again. 

On account of the fact that these brilliance contrasts which re- 
sult from changes in the brightness of the stimuli are ephemeral 
in character the most reasonable conception of their nature would 
regard them as dependent upon differences between the rates 
of fall and rise of the excitations in the two halves of the field. 
Upon or during dimming the brilliance in the more minuthesized 
half of the field drops more rapidly than in the less minuthesized 
half, while upon or during brightening the rise is more rapid in 
the former than in the latter. This principle can be stated in 
terms of resistance of the excitations in the two halves of the field 
to change in their magnitudes. The resistance to change, whether 
in decrease or increase, is apparently less in the more minuthesized 
field than in the less minuthesized one. Given sufficient time, 
both sides of the field reach the same asymptotic limit either 
in the process of increase or of decrease, but during the course 
of their change a difference appears between them due to the 
greater speed of change of one as compared with the other. 

If we turn now from an abstract consideration of the experi- 
mental results to the neural mechanism which is responsible for 
them we find that the most plausible portion of this mechanism 
in which to look for the resistance changes above considered consist 
in the so-called synapses, or nerve junctions, which enter into the 
conductional processes of the optic nerve and tract. Physiologists 
are accustomed to regard there synapses as seats of a variable 
resistance or conductance. In general, exercise, or the passage of 
a nerve current, through the synapses, reduces their resistance. 
This principle is obviously in harmony with the relationship of 
our dimming and brightening phenomena, since it is always the 
more fatigued, or more exercised, portion of the retinal field which 
exhibits the greater facility of change; which, in other words, 
darkens or brightens the faster with the corresponding changes 
in the stimulus intensity. We are therefore led to suppose that the 
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mechanisms underlying these dimming and brightening phenom- 
ena are localized in the nerve synapses rather than in the retinal 
receptors. 


VI. EXPLANATION IN TERMS OF A ZONE THEORY OF VISION 


In the considerations of the last paragraph we find an indica- 
tion of the manner in which we may hope to resove the paradox 
established in the present paper. This paradox is the outcome of 
two sets of data, one of which seems to indicate the complete, or 
at least the very approximate, independence of brilliance function 
with respect to chromatic function. The other system of data, 
centering around effects resulting from intensity changes in the 
stimulus, point in exactly the opposite direction, necessitating the 
supposition that the brilliance and chromatic mechanisms are 
very closely affiliated. Even a cursory examination of the mechan- 
ism underlying visual sensation and perception reveals its extreme 
intricacy. The prevailing theories of visual processes err in many 
respects, but fundamentally in their tacit assumption that the 
visual mechanism is simple, or can be so regarded. The first step 
in the analytic description of the complex mechanism which we 
find in the eye and its nervous appendages would appear to be 
to divide up the propagational or conductional system in which it 
consists into successive stages or zones. The first of these may be 
considered to be the object in space before the eye, the second the 
radiation which is sent off from the object to impinge upon the 
cornea, the third stage would consist in the refractive adventures 
of the radiation in the ocular media, the fourth the photochemical 
changes occurring in the retinal receptors, and the fifth the reac- 
tion of the photochemical end products with the optic nerve 
fibers to initiate the visual impulses. Following thereafter comes 
a series of nerve conduction stages or zones involving successive 
synaptic and nerve fibre activities leading finally through the sub- 
ordinate ocular motor nuclei of the corpora quadrigemina and 
other lower visual centers, to the visual projection areas of the 
cerebral cortex. Finally there are the complicated connections 
of the visual projection areas with various association areas of 
the cortex. It is probably only in conjunction with processes 
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occurring in these latter association areas that chroma and bril- 
liance as aspects of visual consciousness are aroused. iif 

It is clear that visual effects observed in consciousness may 
depend upon any one or any combination of the mechanisms lying 
in these successive zones of the visual conduction apparatus. One 
criterion, or test, such as flicker, may bring out the peculiarities 
of the mechanism in a certain zone such as, for example, the cor- 
tex, whereas another test, such as our dimming procedure, may 
emphasize the characteristics of some other zonal mechanism, 
say for example the mechanism of certain synaptic regions which 
lie afferent to the cortex. Other phenomena, such as the three 
color sensation curves, may rest principally upon the characteris- 
tics of retinal mechanisms. By a proper selection of tests or 
procedures we might hope to be able to isolate the characteristics 
and internal relationships of any one of these visual zones. The 
resolution of our paradox concerning the interrelations of brilliance 
and chroma would therefore seem to lie in the suggestion that the 
retinal mechanisms underlying brilliance and chroma respectively 
are nearly or quite independent of one another, but that the 
synaptic or certain nerve conduction mechanisms which are sub- 
sequent to the retinal processes involve a very definite linkage of 
the factors which transmit the values of these distinct retinal 
excitations to the cerebrum. 

This doctrine of the existence of zones in the visual mechanism is 
by no means a new one. It has been recognized by practically all 
visual theorists, although very few of them have made any use of it 
since they have tended to suppose that, although the mechanisms 
involved in the separate zones were separate, they were neverthe- 
less quite similar in character to one another and connected by a 
point to point correspondence. The theory of Donders,™ however, 
is a definite exception to this rule. Von Kries has also advocated 
a zone theory which makes the retinal apparatus different in 
character from that of the cerebrum. The most serious of all 
theories of this type which has yet appeared, however, is that of 


* Cf. Parsons, J. H., op. cil., p. 270. 
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Schjelderup,” a very recent, and apparently a very important, 
addition to our vast collection of visual speculations. Schjelder- 
up’s theory is worthy of careful study by all students of the visual 
mechanism. 

Schjelderup divides the visual apparatus into three successive 
zones; those of the retina, the cerebral cortex, and an intermediate 
stage (Zwischenprozesse). He recognizes the correctness of 
Hering’s analysis of the visual qualities into the six psychological 
primaries, white, black, red, yellow, green, and blue. In the cere- 
bral zones there are, according to his view, six distinct activities 
which are in one to one correspondence with these six psychologi- 
cal primaries. There is no element of linkage or identity between 
these six cerebral mechanisms in and for themselves. In the 
intermediate zone, however, the activities which correspond with 
the six psychological primaries, although still in a one-to-one 
relation with the latter via the cortical elements, are arranged in 
antagonistic pairs. The black- and white-representing activities 
are linked together and one of them cannot be affected without 
influencing the other. The same consideration holds true for the 
pairs red and green, as well as for blue and yellow. In casés of 
color blindness due to the dropping out of any one of these inter- 
mediate zone processes the antagonistic activities must disappear 
together. However, in the case of color blindness due to cortical 
derangement an independent dropping out of elementaries corre- 
sponding to antagonists in the intermediate zones is possible. 
In the third or retinal zone three separate mechanisms are sup- 
posed to exist, each having a characteristic response curve to 
different wave-lengths in the spectrum. One of the retinal mech- 
anisms responds by a process of oxidation to all of the wave- 
lengths of the spectrum but to a varying degree which is repre- 
sented approximately by the visibility curve. The activities of 
this mechanism are transmitted exclusively to the white-repre- 
senting process of the intermediate zone. A second retinal 
mechanism responds by an oxidative process to the long waves of 
the spectrum but by an opposed or reductive process to shorter 


% Schjelderup, H. K. Zur Theorie der Farbenempfindungen. Zeits. fiir Sinnes- 
physiol. 51, 19-45; 1920. 
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waves, ending approximately at the blue of the spectrum. The 
oxidative phase of this mechanism transmits its energy not merely 
to the red-representing process of the intermediate zone but also 
to a certain extent to the white- and yellow-representing factors of 
the latter zone. The reductive phase of the same retinal activity 
also transmits its response not merely to the green-representing 
element of the intermediate zone but also to a certain extent to 
the black and blue components of the latter. A third retinal 
mechanism also shows opposed oxidative and reductive reactions 
to different wave-lengths with maxima for these respective phases 
of its activity localized approximately at the yellow and blue, the 
energies of the oxidative response being transmitted to the green 
and yellow factors in the intermediate zone activity while the 
reductive response influences the blue and red components of the 
intermediate stage. The relation between the retinal zone and the 
intermediate zone is obviously not a plain one-to-one correspon- 
dence but a far more complicated arrangement. 

By means of the mechanism thus sketched, which in my opinion 
is by no means too complicated to represent the actual system of 
visual response, Schjelderup is able to explain all known forms of 
color blindness, including not only the common types which are 
considered by the Hering and Young-Helmholtz Theories but also 
the rarer forms for which these latter theories are powerless to 
account. The general nature of the interrelation which Schjelder- 
up’s hypothesis postulates as existing between the chromatic and 
brilliance producing mechanisms promises to be of assistance in 
the attempt to explain many of the facts which we have consid- 
ered in the present paper. The retinal mechanism which is asso- 
ciated most closely with the red chromatic process is also linked 
with the brilliance producing activity, a fact which suggests a 
possible rationale of the brilliance contrasts which are brought out 
by the dimming procedure whenever a red enters into a compari- 
son with other colors. The association of the retinal mechanism 
which is most intimately connected with the green chromatic pro- 
cess with the black producing excitation also suggests a possible 
explanation of the reversed brilliance contrast which appears in 
the dimming experiment when blue is contrasted with green or 
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yellow. However, it is not my purpose in the present paper to 
attempt a detailed development of these possibilities. 

The moral of the foregoing discussion is that to arrive at a 
thorough understanding of the mechanism or theory of visual 
response, it is absolutely necessary to take into consideration the 
zonal structure of the mechanism which is involved. The three 
zones of Schjelderup’s hypothesis are not too many to account for 
the actual maze of facts which we encounter. Anatomical analysis 
shows that many more than three are inevitably concerned in 
the total process. All of the many visual theories which have been 
propounded probably have some truth in reference to some zone 
of the visual process, and it is possible that a sufficient number of 
zones actually exist to permit each of these multudinous theories 
to be substantially true for at least one of the zones, leaving other 
zones open for its opponents. 


HARVARD UNIVERSITY 
CAMBRIDGE, Mass. 





MEASUREMENT OF THE COLOR TEMPERATURE OF 
THE MORE EFFICIENT ARTIFICIAL LIGHT 
SOURCES BY THE METHOD OF ROTATORY 
DISPERSION* 


BY 
Irwin G. Priest 


I. INTRODUCTION 


The color temperatures of a number of sources of comparatively 
low or medium efficiency have been published! some years ago. 
Forsythe has recently communicated results on various lamps 
including gas-filled tungsten lamps at several efficiencies up to 
27.3 lumens per watt.? So far as the author knows there are no 
data extant for higher temperatures than those given by Forsythe 
and no data duplicating the higher temperatures given by him. 
Also so far as we know, no attempt has heretofore been made to 
determine the color temperature of the carbon arc by direct 
observation. 

The author has previously described an apparatus which may 
be readily adapted to the measurement of very high color tem- 
peratures*® by the rotatory dispersion method. 

The purposes of the present paper are: 

(1) To illustrate the practical applicability of the rotatory 
dispersion method to the measurement of color temperatures 
between 3000° and 4000° K. 

(2) To present some data on the precision and accuracy of meas- 
urements of color temperature at about 2850°K. 

* Published by permission of the Director, Bureau of Standards. This paper 
was first presented at the Rochester Meeting of the Optical Society of America, Oct. 
25, 1921. 

The author is indebted to Dr. K. S. Gibson, Mr. E. P. T. Tyndall and Mr. H. J. 
McNicholas for their assistance in obtaining the data on precision and accuracy 
shown in Tables I and II, and to Dr. M. Katherine Frehafer and Dr. Gibson for much 
assistance in computing. 

1 Hyde and Forsythe: J. Frank. Inst., 183, pp. 353-354; 1917. E. F. Kingsbury: 
J. Frank. Inst., 183, pp. 781-782; 1917. 

* Meeting of American Physical Society, Washington, April, 1921; Phy. Rev. 
(2) 18, p. 147; Aug., 1921. 

*J. Op. Soc. Am., 5, pp. 178-183; March, 1921. Cf. also Phy. Rev. (2), 10, pp. 
208-212; 1917, particularly the closing paragraph. 
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(3) To present an independent confirmation of Forsythe’s 
data on the color temperature of gas-filled lamps. 

(4) To present new data on the color temperature of the gas- 
filled lamp (Mazda C) up to efficiencies of about 39 lumens per 
watt, which corresponds very nearly to the melting point of tung- 
sten and the consequent failure of the filament. 

(5) To present some data on the color temperature of the crater 
of the carbon arc. 


II. DEFINITION OF COLOR TEMPERATURE 


In this paper, color temperature is understood to mean the 
temperature at which a hypothetical Planckian radiator (“black 
body”) would emit light competent to evoke a color of the same 
quality (hue and saturation) as the light from the lamp under 
test. 

The value 14350 micron-degrees is assumed for the Planckian 
constant c; throughout this paper.* 


Ill. THe PRECISION AND ACCURACY OF MEASUREMENTS 
oF CoLoR TEMPERATURE 


Before proceeding further it is pertinent to introduce some data 
on the precision and accuracy of temperature measurements of 
lamps by the method of color matching in general, and quite 
aside from the particular features of the method to be described 
in this paper. 

These data were obtained under the following conditions :— 

(1) Type of photometric field: Circular and divided along a 
diameter, (Martens photometer). 

(2) Angular size of whole field: 6°. 

(3) Absolute temperature, 2850° K. 

(4) Method: The observer adjusts lamp voltage to color match 
while an assistant records the voltages thus set. The differences 
between single settings and averages are computed and these 
residuals translated into temperature by means of the known 
relation between voltage and temperature. 

Data on precision are shown in Table I. 


* Coblentz, B. S. Sci. Pap. No. 248; p. 470; 1916. Forsythe, J. Op. Soc. Am., 4, 
p. 332; 1920. 
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TABLE 1 
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Precision of color matching lamps at about 2850° KK. Circular photometric field divided on a diame- 
ter. Angular diameter of whole field about 6° (Martens Photometer). Observer sets voltage on test lamp 
to color match comparison standard. Assistant records voltages. Observed deviations in volts have been 
reduced to corresponding deviations in temperature. 

Data from four gas-filled 500-watt lamps, June 29-30, 1921. 


Data on the agreement among the final results of determinations 
by different observers on the same lamps are shown in Table II. 
The systematic differences between observers shown in this table 
is probably due to the fact that for each observer a constant set- 
ting of the comparison lamp was used. 
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Departure of individual observer's means (20 observations) from mean of four observers. 
Substitution method. 
Circular photometric field divided on a diameter. Angular diameter of whole field about 6° (Martens 


Photometer). 


Data from four gas-filled 500-watt lamps, June 29-30, 1921. 
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IV. STANDARD SOURCE 
1. Description of Lamp 
The fundamental reference standard on which the temperature 
scale in this paper is based is embodied in a particular 500- 
watt gas-filled concentrated-filament tungsten stereopticon lamp, 
Fig. 1 
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© ¢ «© B.S. Lamp !7!7 at 116.0 volts 


—— Planckian Radiator 
for C.*14350 micron degrees 


WAVE LENGTH millimicrons 


Spectral distribution of energy, B. S. Lamp No. 1717 and Planckian radiator at 2820° and 2850° 


designated as B. S. Lamp No. 1717, operated at 118.0 volts. (The 
efficiency of this lamp as found by the photometric section, 
Bureau of Standards, was:— 

On April 3, 1917 at 118.0 v, 4.06 a, 15.6 L.p.w. 

On June 17-18, 1921 at 118.0 v, 4.05 a, 15.75 L.p.w. 
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2. Standardization by Spectral Distribution 


The spectral distribution of energy from this standard lamp 
as determined radiometrically by Dr. W. W. Coblentz of the 
Bureau of Standards in April 1917 is shown by the circles in Fig. 1. 
The continuous curves in the same figure show the theoretical 
spectral distribution of energy from a Planckian radiator at 2820° 
and 2850°K. It may be inferred from this figure that the color 
temperature of this lamp is approximately 2840 to 2850°K but 
from mere inspection of the figure this conclusion is subject to 
considerable uncertainty.’ A more precise value has been derived 
from the same data by the following procedure: 

(1) The wave-length of the center of gravity of a spectral 
distribution of light is defined as 


_ SV-EAdA 
~ fV-Edd 


where \ = wave-length; 

E =energy per unit wave-length for wave-length, \; 

V = visibility of radiant energy for wave-length, X. 
(The graphic significance of this definition may be explained by 
reference to Fig. 2. \ is plotted as abscissa. VE is plotted as 
ordinate. The different curves represent spectral distributions 
of light from a Planckian radiator at different temperatures. For 
any temperature, \, is the \-coordinate of the center of gravity 
of a thin template of uniform density bounded by the A-axis and 
the distribution curve for that temperature.)* 

(2) \, has been computed for a Planckian radiator at various 

temperatures and plotted as a function of temperature as shown 


5 In previous papers (J. Op. Soc. Am., 5, pp. 178-183; March 1921 and B. S. Sci. 
Pap. No. 417, Vol. 17, pp. 231-265; 1921), the color temperature 2830°K was inferred 
from these same data. This value was merely a rough approximation as inferred 
from plotting the data on a small scale and is not accurate enough for the present 
purpose. The revised value given in the present paper results from a more careful 
examination of the data, and a more precise and reliable method of reducing it. 

* Compare also:—Jour. Op. Soc. Am., 4, pp. 389-401; 1920. B.S. Sci. Pap. No. 
417, Vol. 17, p. 234; 1921. 
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in Fig. 3. These computations have been made by arithmetic 
throughout by the formula 


=V-E-’ 
“IVE 
taking values of V, E and ) at intervals of 10 millimicrons, and 
are more accurate than the graphic integrations used in previous 
papers.’ 
Fig. 2 


SPECTRAL DISTRIBUTION 
of 


LIGHT 
from 
A COMPLETE RADIATOR 
at 


420 440 460 480 500 520 540 560 580 600 620 640 860 680 WO 720 
WAVE LENGTH mitlimicrons 


Spectral distribution of light, Planckian radiator at various temperatures. 
Energy by Planck’s Formula (C.=14350). 
Visibility :-— 
A, 560-650 
H. E. Ives, Phil. Mag. Dec. 1917, p. 859. 
A, 410-550 and 660-710 
Hyde, Forsythe & Cady, Jour. Frank. Inst. 44, p. 87. 
Numbers attached to curves indicate temperatures in degrees K. 


(3) % has likewise been computed in the same way for the 
original experimental data on the spectral distribution of energy 
from the lamp, and this value of \, used to derive the color tem- 


7 J. Op. Soc. Am., 4, pp. 389-401; 1920. B. S. Sci. Pap. 417, Vol. 17, pp. 234- 
235; 1921. 
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perature from the relation between A, and color temperature 
shown in Fig. 3. The color temperature so derived is* 
2848°K 
Fig. 3 
568 570 
RELATION BETWEEN 
TEMPERATURE AND 
WAVE-LENGTH OF 
CENTER OF GRAVITY 
OF LIGHT FOR 


PLANCKIAN RADIATOR 


C= 14350 micron degrees 

Visibility :- 

» Sees 828-09 
ves, Phil Mag. Dec. 1912, p.659 


(Ac computed by formula 
at intervals of lO mf ,Oct 





= 


TEMPERATURE deg. K 





3200: 


Ae millimicrons 
Relation between temperature and wave-length of center of gravity, Planckian radiator 


This value is the weighted mean of three separate computa- 
tions, and from their agreement, it is estimated that the uncer- 


* It is to be observed that while the visibility of energy enters into the formulas 
used, it does mot enter in such a way as to affect the temperature found so long as the 
same values of visibility known to be approximately correct, are used in determining 
all values of A, considered and the spectral distribution approximates Planck’s for- 
mula. The values of visibility actually used throughout the present paper are shown 
by the solid curve in Fig. 8, J. Op. Soc. Am., 4, p. 471. 
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tainty of this result due to approximations in computation is less 
than 3°. 

The sensibility and accuracy of this method are clearly demon- 
strated by the consistency of the several points determining the 
curve at about 2850°K, Fig. 3. Judging from this, the uncer- 
tainty is less than 5°. 


3. Standardization by Color Match with Planckian Radiator (Nela Laboratory) 


In order to compare this standard with the color temperature 
scale of the Nela Research Laboratory, a 500-watt gas-filled lamp 
of the type now used as photometric standards was accurately 
color matched with B. S. Lamp 1717, at 118.0 volts by a substi- 
tution method. The voltage for color match was determined by 20 
settings by each of four observers. The resulting mean voltage 
was 101.0 v, for which the current was 4.097 a. The lamp was 
then sent to the Nela Research Laboratory and its color tempera- 
ture by color match with a “black body” was found to be® 


2848°K 
at 101.0 v, 4.099 a. 


4. Conclusion as to Standard 


On the basis of the good agreement between the color tempera- 
ture derived from Coblentz’s isothermal data and that indepen- 
dently found by color matching with a “black body” at the Nela 
Research Laboratory, we may define our standard for future 
reference in a more fundamental way than by referring to a partic- 
ular lamp, as we have at the beginning of this discussion. 

Our standard source is accordingly a source closely approximating 
the Planckian spectral distribution in the visible spectrum and having 
a color temperature of 2848°K. 


V. EXPERIMENTAL METHOD 


The essential feature of the rotatory dispersion method is this: 
A quartz plate between nicol prisms, serving as a light filter of 
adjustable spectral transmission,’® is used to modify the color of 


* Letter, W. E. Forsythe, Nela Lab., to I. G. Priest, Aug. 11, 1921. 
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a comparison source so as to match the unknown, the constants 
of the apparatus being chosen so that the spectral distribution 
of the light emerging from the quartz-nicol train is always repre- 
sented by the Planckian formula. Colorimetrically, the experi- 
ment is equivalent to varying the temperature of a ‘“‘black body” 
until it is color matched with the lamp in question and then noting 
the temperature. The essential parts and arrangement of the 
apparatus are shown in Fig. 4. The experimental procedure is 


Fig. 4 


Quartz 
Plate 





ee os 
Sit allot Hee 
Optic Axis of Quartz) 
0. ia x Magnesia 
mm Screen 


Comparison 2 | 
osition 
Source of Standard Lamp 
or Test Lamp 








White 











Essential parts of apparatus 


then as follows: The standard lamp of known spectral distribu- 
tion is placed at X so as to illuminate part of the photometric 
field. The quartz plate being removed, the current in the com- 
parison lamps in the box is adjusted to give a color match in the 
photometric field. This current is thenceforth maintained con- 
stant. The source whose color temperature is to be measured is 
then substituted for the standard lamp; the quartz plate is inserted 
between the nicols and nicol No. 2 is rotated (angle, ¢) to produce 
a match of color quality. (A brilliance match is of course simul- 
taneously made by other nicols, not shown in Fig. 4.) 

The actual apparatus used was the Arons Chromoscope."! 
The Lummer-Brodhun cube is set so that the field has the form 
shown in Fig. 5. The visual angle of the circle (comparison light) 
is about 3.5°. This form of field appeared to be somewhat more 
sensitive than the concentric field for matching of color quality, 
although its particular odd shape is not to be recommended. 


1° J. Op. Soc. Am. 4, pp. 485-486. 
4 Ann. der Phy. (4) 39, pp. 545-568; 1912. 
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Fig. 5 


Comparison 


Light 


$91 
jo 
pue pues 


Form of photometric field 


: 
: 


WAVE LENGTH millimicrons 


Spectral distributions of energy, Planckian radiator at various temperatures compared with 
distributions obtained by rotatory dispersion. 

The solid black curves represent Planck's formula with Cy==14350. The numbers attached to these 
curves indicate temperatures in degrees K. 

The various circles represent distributions obtained by the arrangement shown in Fig. 4. Each 
different style and size of circle refers to a particular value of @; and the numbers attached to the circles 
indicate values of @ in circular degrees. 

In all cases, energy =100.0 at wave-length 590 (arbitrary convention). 
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VI. METHOD OF CONSTRUCTING THE TEMPERATURE SCALE 

Let @ (measured from extinction position with quartz removed, 
and in same direction as the rotation by the quartz) be the angle 
through which nicol No. 2 is rotated to obtain a color match. 

The method of constructing the temperature scale correspond- 
ing to the instrument reading (¢) is a refinement and extension of 
that previously published.” 

The spectral distributions of energy corresponding to different 
values of @ are shown in Fig. 6, together with the spectral dis- 
tributions of a Planckian radiator at various temperatures. 

Inspection of this figure shows:— 

(1) The distributions obtained by rotatory dispersion approxi- 
mate very closely to the theoretical distributions by the Planckian 
formula. 

(2) The temperature corresponding to any value of ¢ can be 
inferred approximately from simple inspection of this figure, 
although this method of establishing the relation between ¢ and 
temperature is not sufficiently precise for our present purpose.” 

The precise relation between ¢ and temperature has been ob- 
tained as follows: 

(1) X has been computed for the spectral distributions corre- 
sponding to different values of @ (Fig. 6) in the same way as for 
the standard lamp and the Planckian radiator as described above. 

(2) Temperatures corresponding to these values of \, have been 
read from Fig. 3 and plotted as a function of ¢ in Fig. 7. 

Figure 7 thus obtained now serves as a calibration curve for deriving 
color temperature from experimentally observed values" of 9. 

VII. CHeck MEASUREMENTS 
1. Check of the Method with Radiometric Determinations 

The color temperature of B. S. Lamp 1716 (a 500-watt gas- 
filled stereopticon lamp, like 1717) at 22.0 l.p.w., has been found 
by this method to be 

3082°K 
(mean of 30 observations) 


2 J. Op. Soc. Am., 5, pp. 178-183; March, 1921. 

3 The curve shown in Fig. 6, J. Op. Soc. Am., 5, p. 182, was obtained by this 
simple process of inspection. 

4 Cf. “Experimental Method” above. 
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The temperature derived by means of \, from the spectral 
energy distribution determined by Coblentz" is 
3086°K 


2. Check of the Method with Color Temperature Determinations 
by the Nela Research Laboratory 


The color temperature of a 900-watt gas-filled “Movie” Lamp 
at 22.7 L.p.w., has been independently determined by Forsythe 
at the Nela Research Laboratory, using their methods, and by 
the author at the Bureau of Standards, using the present method. 
The results follow.” 

before B. S. Measurement 3091°K 
Nela| after B. S. Measurement......................3083 


Mean 
Bureau of Standards (Each value is mean of 10 observa- 
as ott oa waka ccm b v0 Kablandieeite tel come eke 
3095 
3067 
3087 
3093 
3079 


VIII. THe Cotor TEMPERATURE OF THE GAS-FILLED 
TUNGSTEN LAMP AS A FUNCTION OF EFFICIENCY 


The data shown by the small open circles in Fig. 8 refer to a 
500-watt gas-filled lamp (Mazda C National Lamp Works) of the 
type now used as a photometric standard at the Bureau of Stand- 
ards. 

These data were obtained in the following way: 

(1) Two lamps of nearly identical characteristics (equal effi- 
ciencies at equal voltages) were selected. 

(2) One of these (B. S. 3261) was used to determine efficiency 
as a function of voltage for increasing voltage until the filament 

48 By the same method as described above for deriving the color temperature of 
the standard lamp No. 1717 from the radiometric data. 

% Coblentz’s determinations of Lamp 1717 were made in April 1917. His deter- 
minations on Lamp 1716 were made in December 1918, after readjusting his appara- 
tus. 

1 Letter, Forsythe to Priest, July 29, 1921. 
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failed.'* This filament failed at 200 volts, the efficiency at 195 v 
being 38.2 Lp.w. 

(3) The other (B.S. 3260) was used to determine color tempera- 
ture as a function of voltage at increasing voltages until the fila- 
ment failed, at 206 volts. . 

(4) Correlating the data on the two lamps, color temperature 
is shown as a function of efficiency, in Fig. 8. 


Fig. 8 
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Color temperature of 500-watt gas-filled photometric standard lamp as a function of efficiency 

Some of Forsythe’s previously published data’® are also plotted 
in this figure. The agreement is as good as could be expected 
considering the different lamps involved. 

In order to avoid burning the lamp longer than absolutely 
necessary at any one voltage (which would have shortened its life 
and forestalled observations at the highest temperatures), accuracy 
was sacrificed for speed in these observations. The observations of 
temperature were made as rapidly as possible and only five at 

18 These determinations were made by Ben S. Willis, Photometric Section, Bureau 


of Standards. 
1? Phy. Rev. (2) 18, p. 147; Aug. 1921. 
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each voltage. On this account the points (Fig. 8) depart from a 
smooth curve. It is believed nevertheless that the curve which 
has been drawn through them is not in error, on this account, 
by more than 10° at any point. These data are, however, pre- 
sented as a preliminary roughing out of the color temperature— 
efficiency relation rather than a precision determination. 

At the highest efficiency attained (39.2 l.p.w.) the color tem- 
perature observed was 3644°K. The accepted value” for the true 
temperature of the melting point of tungsten is 3673°K. No 
precise relation between the true temperature and the color tem- 
perature of gas-filled lamps can be stated; it appears, however, that 
the present determination is in as close accord with the accepted 
melting point as could be expected.” 


IX. THe CoLtor TEMPERATURE OF THE CRATER OF THE 
CARBON ARC 


Previous work has shown™ that the temperature of the crater 
of the arc varies by nearly 200°C, dependent upon the carbons 
particularly, and upon the current and other conditions to a less 
extent. 

The most reliable of our data by the rotatory dispersion method 
indicate color temperatures as follows for the crater of a 65-volt, 
10-ampere arc: 

Solid carbons 3780°K (mean of 50 observations) 

Cored carbons 3420°K (mean of 50 observations) 

These means are considered uncertain by about 50°. 

So far as we know there are no previous determinations of 
“color temperature” of the arc with which to compare these 
results. Waidner and Burgess” give 3680° to 3720° as “black body 
brightness temperature.” 

The method described would be convenient and suitable to use 
in an extensive determination of the temperature of the arc under 
various conditions. 

NATIONAL BUREAU OF STANDARDS 


Novemser 4, 1921. 


* Worthing, Phys. Rev. (2) 10, p. 392; 1917. 

1 Cf. Forsythe, Phy. Rev. (2), 18, p. 147; 1921. 

*2 Waidner and Burgess, B. S. Bulletin, /, pp. 109-124; 1904. 
3B. S. Bulletin, /, p. 123. 











THE BLUE GLOW 


BY 
E. L. Nicnots anp H. L. Howes 


Certain oxides when heated to incandescence emit light of a 
distinctly bluish cast at temperatures corresponding to the dull 
red heat of non-selective radiators. 

To this effect, which is particularly well marked when the 
heating is done with a hydrogen flame sufficiently reinforced 
with oxygen to secure the desired temperature, we have given the 
name of the blue glow. It is a special case of the luminescence of 
incandescent solids, a topic upon which we are now engaged and 
which, in its broader aspects, will form the subject of a forth- 
coming paper. In our study of the blue glow it was desired to 
determine (1) the temperature of the glowing oxide; (2) the 
brightness of its temperature-radiation proper; and (3) the bright- 
ness of the blue glow itself which may be regarded as superimposed 
upon the temperature-radiation. 

For this purpose we used an optical pyrometer of the type based 
upon the well known Morse gauge, in which the filament of an 
incandescent lamp in the eyepiece of the instrument is superimposed 
upon the image of the glowing surface the temperature of which is 
to be measured. To mount the oxide for observation an annular 
groove about 1 cm in outer diameter, 1mm deep and 2 mm wide 
was ground in a bed of alundum. Fragments of thick walled alun- 
dum tubing of large diameter, of which an abundance chanced to 
be available, answered admirably for this purpose. The annular 
groove was pressed full of the black oxide of uranium, a substance 
which affords an excellent approximation to the ideal black body 
and which withstands the direct contact of the H-O flame better 
than any black powder which we have thus far found. The disk 
of alundum within this ring of uranium oxide was then covered 
with the oxide to be studied, the two surfaces of powder being 
carefully pressed down to the same level. Especial care was taken 
to have a sharp boundary line between the white oxide within 
and the ring of black powder surrounding it. Upon the surface 
thus prepared a flame of hydrogen from a blast lamp, with just 
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sufficient oxygen to give it direction and stability, played verti- 
cally and concentrically from above. It was found that when the 
two surfaces were at the same level, neither being sensibly elevated 
or depressed with reference to the other, and when the flame was 
large enough to cover them fully and was properly centered, they 
attained the same temperature. 


TABLE I 
The Blue Glow of Magnesium and Beryllium Oxides 
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Seen through the pyrometer, with the usual red screen in the 
eye-piece the field of view at about 700°C appeared as a red ring 
with dark center. Through a blue screen it consisted of a blue 
central patch, the blue and violet rays from the red hot uranium 
oxide not being of sufficient brightness to render the surrounding 
ring visible. 

To express these conditions and their changes with rising 
temperature in quantitative form the following cycle of readings 
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was made at intervals of about fifty degrees between 600°C and 
1600° C, or up to the point of fusion of the oxide under observa- 
tion :— 

(a) A setting on the outer ring through the red screen 
(equivalent wave-length .65y4). This gave the actual black 
body temperature of the black surface which was the same as 
that of the oxide of the central disk. 

(b) A setting on the central disk through the red screen. 
This gave the black body temperature corresponding to the 
red radiation from the oxide of the central disk. 


TABLE 2 . 
The Blue Glow of Calcium and Aluminum Oxides 
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Since, as has aready been mentioned, the oxides in 
question are exceedingly feeble temperature radiators and 
since the blue glow is of too short wave-lengths to pass the red 
screen, these measurements, for the lower portion of our range 
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of temperature, i.e., below 1000°C, gave black body tempera- 
tures far below the actual temperature of the surface. 

(c) A setting upon the central disk seen through a solution 
of ammonio-sulphate of copper which cut out all red and yellow 
rays and practically all of the green of the spectrum. The 
equivalent wave-length for this screen was about .45y. It trans- 
mitted the greater part of the radiation constituting the “blue 
glow” and since for the lower range, from 800° downwards, the 
temperature-radiation of these wave-lengths was almost too 
small to measure, this setting, with a very close approximation, 
gave the blue glow alone. At higher temperatures where the 
ordinary temperature-radiation became appreciable, this setting 
gave the sum of temperature-radiation and blue glow. 

TABLE 3 
The Blue Glow of Silicon and Zirconium Oxides 
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By measurements of this sort on the oxides of calcium, magne- 
sium, zirconium, beryllium, silicon, aluminum, etc., some of the 
results of which are given in the following tables and figures, we 
are able to describe the blue glow in fairly definite terms. 
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The blue glow is essentially a phenomenon of the lower stages 
of incandescence. Its upper limit cannot be given definitely in 
degrees since it depends upon the state of activity of the oxide, 
but it lies between 1000° and 1200° in the cases thus far studied. 
If, as in Fig. 1, we plot the brightness of the blue of the spectrum 
(.45u) of one of these oxides (MgO) between 900° and 1200° and 
for comparison the brightness curve (B.B.) for the corresponding 
region of the spectrum of a black body we see that the oxide 
remains brighter than the black body until a temperature of about 
1200° is reached. It is this excess of radiation above what even 
a perfect radiator such as the ideal black body is capable of produc- 
ing by virtue of its temperature alone which constitutes the effect 
in question. 

















900° /000° 1100" /200° 


Fig. 1. Blue glow of magnesium oxide, 900° to 1200° C 


The lower limit of the blue glow is the temperature threshold of 
visibility. For the lowest temperature at which we can observe 
we get the maximum value of the ratio between the brightness of 
the glow and that of a black body of the same temperature. This 
ratio may be denoted as I,/Iy. 
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In Fig. 2 are plotted curves for this ratio for several oxides. 
Such a diagram, to this scale, indicates nothing of the phenomena 
occurring above 1000° where the values approach and often fall 
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Fig. 2. Ratios of luminescence to black body radiation for several oxides 
below 1000° C 
below unity. Still less can the ratio for the red of the spectrum 
be thus depicted. The figure shows, however, that :— 

(1) The curves for the various oxides are similar as to type. 

(2) In no case is there an indication of an approaching maxi- 
mum in the direction of lower temperatures. 

(3) The temperature range within which the brightness of the 
blue end of the spectrum, to which these curves apply, falls to 
values of the same order as the corresponding intensity of black 
body radiation is nearly the same for all these oxides. 
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With logarithms of the intensity ratios as ordinates, we can 
bring the entire range of temperatures over which measurements 
were made into one plot and compare the changes occurring in the 
intensity of the red end of the spectrum with those in the blue. 

Figure 3 contains such curves for magnesium oxide and these 
are quite typical of all the substances thus far investigated. 
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Fig. 3. Logarithmic curves for blue glow (. 45s) and temperature-radiation (.65y) of Mg O 


The characteristics common to all are as follows: 

(1) The luminescent outburst, with certain exceptions to be 
considered later, does not involve the longer wave lengths. 

(2) The radiation in the red which, at the lower temperatures, 
is probably all temperature-radiation, rises from very small inten- 
sities and approaches the falling values for the radiation in the 
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blue. Thus the oxide in passing from 600° to 1200° goes over 
from a body exhibiting blue luminescence and almost no tempera- 
ture-radiation (for MgO less than a thousandth of that of a black 
body) to a body radiating almost nonselectively by temperature 
alone with a radiating power of the same order as that of the 
black body. 

(3) The logarithmic curve is approximately linear up to the 
point where temperature-radiation supplants luminescence (1000° 


to 1200°). The curves for the ratio : in Fig. 2 are, then, exponen- 


bb 

tial curves, warped sometimes by changes due to fatigue during 
the run and rendered more or less irregular by failures to com- 
pletely control the conditions. 

(4) When temperature radiation has supplanted luminescence 
(at from 1000° to 1200°) the logarithmic curve tends to become 
horizontal; indicating that the effect of temperature is now that 
expressed by the usual equation for black-body radiation. 

(5) The knee of the logarithmic curve affords a criterion for 
the change to temperature-radiation and thus serves to locate 
the upper limit of the blue glow. Comparing Figs. 1 and 3 we 
should conclude that luminescence did not altogether cease at the 
crossing of the curves at 1200° but continued slightly beyond to a 
point at which the normal radiating power by temperature had 
been reached. (Say at 1260° for MgO in the experiment which 
these curves illustrate.) 

The foregoing paragraphs describe the blue glow as though it 
were the only form of luminescence occurring above the red heat. 
More frequently than not there are, however, other manifestations 
of luminescence within the range covered by our experiments. 
These either modify or supplant the blue glow at temperatures 
below 1200° or succeed it when the oxide is still further heated. 

Outbursts of luminescence at higher temperatures characterize 
several of the oxides already described notably, CaO, BeO and 
SiO. In silica, as may be seen from Fig. 4, in which the ratio 
curves for .45u and .65,4 between 1000° and 1600° are plotted, 
we have such an outburst. In this cut ordinates are magnified 
one hundred times as compared with those in Fig. 2. The hori- 
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zontal line, of intensity equal to unity, represents the brightness 
of the black body at the wave length and temperatures in ques- 
tion. 

This luminescence, expressed in terms of ratios, appears quite 
insignificant when compared with the blue glow of silica which at 
600° is represented by a value for I,/I,, of over 400 as against 
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Fig.4. Luminescence of SiO; at 1400° C 














3.1 for the outburst at 1400°. Since, however, the intensity of 
the black body radiation which forms the denominator of this ra- 
tio increases according to the usual radiation law, we find the 
luminescence at 1400 degrees to be about 300,000 times as bright 
as the blue glow at 600 degrees and nearly 40,000 as great as the 
latter at 700 degrees. This high temperature outburst differs 
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from the blue glow also in that a greater portion of the spectrum 
is involved. That the red end at .65,y is considerably affected is 
evident from the curve for that wave length. 

Modifications of the blue glow itself occur in several of the sub- 
stances which we have examined. When cerium oxide for exam- 
ple is heated and its spectrum studied, we find excess radiation at 
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Fig. 5. Luminescence of cerium oxide below 1000° C 


the lowest stages of incandescence. The phenomenon differs from 
the blue glow in that the red and green become visible before the 
blue and in that the ratio I,/I» rises in value to a maximum, at 
about 800 degrees. (See Table 4 and Fig. 5.) The blue is less 
strongly involved than either red or green and the brightness of 
the red instead of starting with almost infinitesimal values is 
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nearly nine times great at 700 degrees as the corresponding region 
in the spectrum of the black body. 


TABLE 4 
Modified Blue Glow in Cerium Oxide 
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Brightness at Various Temperatures 
Temp. To — — |—_——- 
Cc | To To/I bp 

ee Ea on 

65u | .50p 45yu 65 0p 45u 
——— — <wa - | } j—_—_—_—_—|— a a 
702° 00045} 0040) 00171 , | 8.95 | 4.72 
735° 00123) 0349) 0403| | 28.3 | 32.6 in 
837° | 0246 | 2) 1.21 | 370| 28.2 49.5 15.2 
960° 419 |} 492 | 6.53 | 3.02 | 17.7 | 15.6 7.21 
1037° 1.95 || 13.9 | 15.3 | 13.7 | 7.12 | 7.85 3.09 
1097° 5.93 | 28.3 21.4 | 15.2 | 4.78 | 3.63 | 2.55 
1145° 13.2 || @5 | S3.2 | 25.4 | 5.25 | 402 | 1.91 
1190° 26.6 || 133 133 11.7 | 5.02 | 5.02 0.44 
1263° 76.7 334 304 11.1 | 4.34 3.95 144 
1328° | 178 | 596 519 | 25.4 | 3.34 | 2.91 142 
1304° | 389 653. | 05. | 87.9 | 1.58 | 1.69 | .227 
1462° | 828 | 783 | 887 | 113 0.95 1.07 | A36 
1527°  |1602 1319 | 1109 423 813 | 0.684 | .260 
1580° |2690 | 3304 | 1514 | 656 1.23 | 0.562 | .244 

1 





Here then is a luminescent glow which at 800 degrees is com- 
posed approximately of one part blue, two parts red and three 
parts green, not in energy units but relatively to a nonselective 
radiator of the like temperature. 

Without going further into details in the present paper it may 
be stated that the blue glow and other similar instances of lumi- 
nescence at high temperatures occur in bodies which have the 
following characteristics. 

(1) They are inactive under excitation by light or by the X-rays. 

(2) They are, however, in general, excited to luminescence in the 
kathode tube. (3) In many cases they are sensitive to flame 
excitation. 


(4) Like other luminescent substances they are white, or nearly 
so, i.e. transparent to most portions of the visible spectrum. 
(5) They are of necessity highly refractory. 
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The luminescence of incandescent bodies is subject to fatigue. 
It is in the highest degree affected by previous heat treatment of 
the material; it is in some cases destroyed by fusion of the oxide; 
it is dependent on the mode of heating, being much more intense 
where an excess of oxygen is present than where there is a defi- 
ciency. 


Finally it appears to be a phenomenon of instability associated 


with and perhaps dependent upon changes of the conditions of 
equilibrium. Thus all the oxides which exhibit the blue glow are 
in transition, within the temperature range in question from a 
condition of almost infinite electric resistance to one of semi- 
metallic conductivity and this change is accompanied by the well 
known profound modifications in optical properties, radiating 
power etc. Again the outburst of luminescence in silica at 1400 
degrees occurs at the transformation point of quartz and is pre- 
sumably intimately related to that change. 

The most promising view at the present moment would seem to 
be that this form of luminesence like many well known forms at 
lower temperatures is the result of oxidation. 

During these transitional conditions it would appear that a 
partial reduction takes place through the agency of the hydrogen 
of the flame and that this is immediately followed by oxidation, 
the two opposing processes going on in rapid alternation. 

PuysicaL LABORATORY OF CORNELL UNIVERSITY, 

Ocroser, 1921. 





THE SIGNIFICANCE OF THE % TERMS IN SPECTRAL 
SERIES FORMUL 


BY 
Paut D. Foore and F. L. Moxier* 


Sommerfeld! from his mathematical derivation of the empirical 
Ritz equation concluded that the ratio of the constant a* for the 
enhanced spectrum of an alkali earth to the constant a for the arc 
spectrum of the alkali of next lower atomic number should be 
a*/a=2. 

Fues’? showed that this relation was approximately true only 
when to m were assigned the values 1.5, 2.5 etc. in the ms and 
m@€terms. The ratios thereby obtained for the elements Mg/Na, 
Ca/K, Sr/Rb, Ba/Cs, are 2.9, 2.2, 2.6, 2.1 respectively. The 
mean value is 2.45 + 12% average deviation, or a positive average 
deviation from 2 of 22%. 

In spite of these large variations Sommerfeld’ later affirms that 
the “atomic field constant s gives the deviation from half numbers 
rather than from whole numbers.” 

The constant a by Sommerfeld’s derivation takes the following 
form, to terms of the first order. 

_ (2x)*m*e*ke; 


n®h* 


C1 -\(z_ 2b) ea? 
4 


where k=1 for arc spectra, k=2 for spark spectra, a is the 
diameter of the ring of electrons surrounding the nucleus, and n 
the azimuthal quantum number. Sommerfeld assumed that ¢, 
remained constant for any pair of elements. However, with the 
same number of electrons in a ring, the diameter of the ring 
decreases when the charge on the nucleus is increased. If this 


* Published by permission of the Director, Bureau of Standards. 


Nk? 
1 Sommerfeld Atombau, 2nd Ed. p. 506. (m, 0) =; reer — ip 
m+a+a(m,a 
? Ann. d. Phys. 63, p. 1, 1920. 
* Ann. d. Phys. 63, p. 238, 1920. 
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factor is considered we no longer obtain a* = 2a, although the ap- 
proximation is closer when a large number of electrons are as- 
sumed in the same ring. For 50 electrons in a ring a* = 1. 8a. 

As a little better representation, however, of actual atomic 
conditions we shall consider two coplanar rings, the inner ring 
containing p electrons, the outer ring gq electrons and around 
the whole the quantized coplanar orbit of the single remain- 
ing valence electron. The azimuthal quantum number for the 
inner ring is 1 and for the outer ring 2. On carrying through 
the derivation for the case of two rings, exactly as Sommer- 
feld’s except that we consider the effect of the nuclear charge on 
the radii a, and a of the rings, as follows:‘ 

17a, 2? a, 
ge pS ew 
Z-Ss, (Z—p—s,) 
we obtain eg (3) for the general relation between a* and a. 


a ee 
a* (2-5)? * @+2-s) 





SS ee 

(Z—s,)? + @+i-s,)? 
Here Z* and Z are the atomic numbers of the alkali earth and al- 
kali respectively and s, and s, are the nuclear defects of the rings. 
The following table gives the values a* = S and a=s, as far as 
known, for the alkali earths and the alkalis, empirically deter- 


S and s terms for integral m 











Element Element 








Na 
K 

Rb 
Cs 























Av. dev. =4% 





‘Sommerfeld Atombau, p. 258. as=radius of hydrogen atom. 
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mined for integral values of m. They accordingly contain the 
quantity 4 ordinarily considered as belonging to m. Column 6 
gives the ratio a*/a oe from these data and column 7 the 
ratio computed by eg (3). + 

The average deviation gf the computed values of this ratio 
from the observed is only in contrast with 22% found by 
Fues. This fact would sem to indicate that to m should be 
assigned integers for the ms and m& terms, as is the case with the 
mp, md and mb terms. To an approximation (3) may be written 

fa? Sti-w (4) 
Se, A eee ae 

It may be noted that by assigning various integers to g and in some 
cases by using more rings, these equations may be manipulated to 
give fairly close values of a and a* as well as of their ratio. In 
the above, however, we have employed the generally accepted 
numbers for g, and the disttibution of inner rings does not mate- 
rially affect the ratio a*/a. i 

Conclusion: The frequently expressed opinion that the half 
integral values of.m in the ms terms have some mysterious signifi- 
cance is not founded upon sufficient reason. The simple physical 
conceptions of the quantum theory suggest that m should be an 
integer and in the present note as good evidence is offered con- 
firming this viewpoint as has been advocated to the contrary. 


BUREAU OF STANDARDS, 
Dec. 6, 1921. 














THE DISPERSION OF GLASS 
BY 
T. Smiru 

The circumstances during the war which forced America to 
manufacture the optical glass needed for her own use have led 
to the appearance of a number of interesting papers in which the 
properties of glass are discussed. Among these are some con- 
cerned with dispersive relations, for the representation of which 
various formulas have been proposed. In these discussions a very 
satisfactory expression due to Conrady has been overlooked, 
though less good suggestions have been considered. According 
to Conrady' the dispersion may be regarded as a linear function 
of d-' and \-’ 2. A graphical demonstration shows that there is 
little room for improvement on this formula. In an investiga- 
tion? based on the figures of the Jena catalogues the indices —0.91 
and —3.4 have been found by the present writer. The final 
formula is 


0.91 -0.91 
yr — hp 
u— up = {.226( up — uc) +B(up—1)} at 
Ar —Xe 
ce 4 ohn 
+ {.774(up— uc) —B(un—1)} aaa SAR TOS, (1) 


where 8 is .0062 for normal glasses, and assumes a slightly lower 
value for telescope crowns, and a slightly higher value for tele- 
scope flints. Neglecting variations in 8 the formula may be 
regarded as a special case of the type 


oe =A(prp— wc) tOupte, ....-.. cece eee cece eee (2) 
the particular assumption being 6+c=1. Another member of 
the same class has. been investigated by Wright® whose assump- 
tion is b=1. As these two cases lead to divergent conclusions on 
the possible properties of achromatic lenses it is hardly super- 
fluous to investigate the matter closely and particularly to deter- 
mine which assumption fits the facts most closely as far as these 
are known. 

1 Monthly Notices R.A.S. 64, p. 458. 


* Trans. Opt. Soc., 27, p. 99. 
# Jour. Orr. Soc. Amer., 5, p. 389. 
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If a number of glasses satisfy (2) with the same values of a, b, c 
for given lines of the spectrum, a thin lens built up of such glasses 
will satisfy the relation 


k— kp =a( xr — xc) +(b—1)xno+(b+c—1)R 
where « is the power of the complete lens and R the sum of the 
total curvatures of its components. If the lens is achromatic 
for C and F complete achromatism (absence of secondary spec- 
trum) may be attained in one of three ways 
(I) b=1, c=0 
(II) }b=1, R=0 
1 R 5-1 
ee eae 
Of these (I) may be ruled out at once since if these conditions 
fitted the actual facts the removal of the ordinary chromatic aber- 
ration would necessarily eliminate the secondary spectrum also. 
According to (II) if Wright’s assumption is correct the secondary 
spectrum can be removed by a suitable choice of glasses, the cri- 
terion being that if these are arranged to form a thin cemented 


system the curvatures of the first and last surface should be equal. 
This condition can be readily attained with three normal glasses 
provided they do not in addition to (2) satisfy a common relation 
of the type 


Au= pr — uc=dppte 


a relation which will certainly not be satisfied if the choice falls 
upon a crown and a flint of the ordinary silicate series together 
with a dense barium crown. For if an achromatic combination 
of three such glasses of given focal length is constituted of ele- 
ments of powers «:, «2, «s, another combination having these 
same properties may be built from 


ee .. ; 
a OR OS 


and the change in the total curvature due to the alteration is 


(2 ws) Sit (us— wi) Suet (ui — we) Aus 
(ui—1) (w2—1) (us—1) 
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which must be finite under the condition just given. A value 
may be given to j which will enable the known total curvature of 
the original system to be removed, and the system should then be 
free from secondary spectrum. That reasonable powers may thus 
be secured for the components may be seen from a rough example. 
li the crown has an index 1 . 5, and the other two lenses the common 
value 1.625, the dispersions will be approximately in the ratios 
7: 11: 17. The three conditions are obviously satisfied if the 
powers are given by 


Ki Ke K3 


(1-1) (Ap2—Aps)  (u2—1) (Aus—Amr) (us—1) (A pr—Aps) 








kK 
wi(Aps— Aus) + wo( Aps— Api) + ws( Api — Ape) 


or in this case 





values by no means unattractive for an apochromatic objective 
constructed from normal glasses. 

As an actual example using typical glasses from the Jena list 
of the three types mentioned let numbers 0.2188, 0.5799 and 
0.93 be chosen. For x=1 the total curvatures of the elements 
“are 

— 8.3734 14.3648 —5.9914 
giving for the various spectrum lines the following powers for the 
complete lens 


A’ 0.9990 
j 0.9997 
D 1.0000 
F 0.9997 


G’ 0.9975 
The differences here are of the same order of magnitude as those 
of an ordinary doublet, and the conclusions to which Wright’s 
formula would lead are not realized. 
Condition (III) gives a solution only if c is a constant multiple, 
as the colour changes, of 1—b. The value of a solution depends 
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upon the sign and upon the magnitude of the constant multiplier. 
In the special case, +c =1, the removal of the secondary spec- 
trum becomes impossible. A decisive contradiction is therefore 
involved in the apparently small difference between the two cases 
b=1 and b+c=1, and an appeal to known reliable measurements 
must be invoked to decide which is more closely in accordance 
with the facts. It seems preferable under the circumstances to 
quote figures compiled by independent observers, and the com- 
parison below is based on the figures of Jena catalogues. The gen- 
eral experience of manufacturers who have relied on these values 
for the construction of apochromatic as well as of ordinary achro- 
matic systems affords an indication of their accuracy. The cor- 
rections which must be applied in the fifth decimal place to the 
indices calculated by each formula to give the catalogued figures 
are given in Table 1. 

A glance at these figures indicates that on the whole the resid- 
uals in the columns headed b+c=1 are distinctly the smaller. 
The distribution of these residuals is given in Table 2. In com- 
piling the latter table the last four glasses, which have indices 
exceeding 1.7, are left out of account as they are of no interest 
for the construction of optical instruments such as are now con- 
sidered. The most notable differences in the two sets of correc- 
tions are in those applicable to the G’ line. While the corrections 
for the case in which b+c=1 form a reasonably compact group, 
those for b=1 are widely spread, and the figures relating to the 
extreme barium crowns form a detached group at one end. From 
the figures summarising the whole position at the end of the 
table it appears that each formula is a good fit of its kind, and that 
while in the central region of the spectrum and at the red end the 
assumption b+c=1 leads only to slightly greater accuracy, the 
superiority of this formula over the alternative b=1 becomes 
very pronounced at the blue end. In particular Wright’s formula 
fails for the dense barium crowns. 

When glasses too unstable to be listed as general types are con- 
sidered, it is found that one formula is better in some cases, the 
other for other types. Phosphate crowns and dense borate flints 
are better represented by 6+c=1, while barium phosphate 
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TABLE 1 
Fifth Place Corrections Required to the Calculated Indices for Schott Glasses, List Dated 
os 1913 
a Spectrum Line io eee C and F G’ 
Formula b=1 | b+c=1 b=1 | b+c=1| b=1 | b+c=1 
—-——_____|--—_- ———| 
Glass | Descrip- | 
Type No.| tion | | | 
cxiiitiiimadl tsuetaddgil 2 ae eee eee 
} 
6781 Fe | of | +2 o | +411 +3 
6500 os | +6 —2 | +2 | —1 +13 —1 
2188 «=| BSic | +3 -1 | +2 0 | +10 | +2 
18s | Fe | +7 —2 | +3 | oi +8] ®@ 
soz |Bsic | 0 -5 | -1 | -3 | +2 | -6 
3199 |UVe | -2 -—s | -1 | -2 | =-1 | ~6 
3832 | BSic | —1 ~é +1 | o | -1t | -2 
a | +3 e | 4 i tt | well 
ms iC | —4 -s | -1 | -2 | +3 | -1 
599 .— | -2 | -1 | 2 +5 | -2 
| | i 
3512 | —5 -s | +1 | +1 42 | =3 
3 | « +7 oo i.e foe) oat 
3390 B Sic +5 4 | e8 Tf 24 +10 | +3 
6367 | “ —1 —6 | +1 | -1 | +3 | -S 
2122, | Bac —2 ‘+ | =t | o | -9 | -1 
| | 
337 | c | +2 o | +1 | o | +48 | +2 
a ane ae... +1 +2 | oO | +9 0 
6223 | “* | +3 0 | at |- oO | +46 —1 
“Se +4 | +1 | Of | 45 -1 
346 | ZSic | +42 —-1 | +2 0 +6 | —1 
; | | | | 
0 | c | +4 +1 | +1 | 0 +6 | 0 
imi +4 =. eS 0 | +5 +1 
ams jl“ +3 +1 +1 | 0 | +5 +1 
6634 | ; +3 f— —1 | +1 | 0 | +6 0 
67 | +3 =f | Se +1 
227 | BaSic | +3 | +3 | 0 | -1 | 0 —3 
2118 | c¢ } —1 | -—S | +1 | 0 +11 | +4 
3712, | Bac -7 +1 | -2 o | —it | 0 
23 | ¢ 1 es | cia i wai eS -1 
2071 |Bac | -8 | +4 | -3 | -1 | Il 0 
| 
214 | « | +6 +1 | +3 | +1 | +12 | a4 
15 | Z Sic 1 48 4 = o | —1 |! +2 —2 
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TABLE 1—Continued 








Spectrum Line | A’ C and F 





Formula b+c=1 





Glass | Descrip- 
Type No.| tion 








211 Ba Sic 
3376 c 
3551 Z Sic 


1209 Bac 
5970 ” 

114 
2994 
1615 





7550 
3961 
7336 


463 


608 


722 
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TABLE 1—Continued 








Spectrum Line A’ G and F 


Formula b+c=1 








Glass | Descrip- 
Type No.| tion 











578 Ba f | +3 —3 
378 f +1 +5 
6296 . —_s +1 
1266 Ba f +1 —6 
154 f —2 +1 


376 ‘ —2 +4 
276 . 0 —2 +7 
569 ‘ —4 +4 
340 - +1 —1 +2 
184 ° 0 —1 a 


748 +6 +9 a. 
318 —1 —2 0 -1 —1 
118 . +1 =f 2 “~— — 
167 ‘ -2 -3 —2 —3 -2 
-3 +1 +2 +1 +8 


—{ —{ —1 —2 0 

0 0 —3 —4 —2 
+3 +2 +1 +2 +3 
+5 +5 +t +4 +7 
+4 +3 d —2 —1 +3 





—1 0 —2 —2 +3 
0 +2 ~i —2 +5 
+1 +5 +2 +2 +13 
+8 +11 +3 +4 +16 
+8 +11 +3 +8 




















198 : +5 +11 +5 +16 +32 





crowns and light borate crowns leave smaller residuals with ) =1. 
In the case of very dense flints neither formula is satisfactory; 
which is better depends upon the presence or absence of boric acid 
as a constituent of the glass. 
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TABLE 2 
Analysis of Residual Corrections : 
Spectrum line A’ C and F G’ 
— —— fm 
Formula b=1 | bt+ce=1| b=1 | b+e=1 | b=1 | b+ce=1 
Value of correction 
15 he a 0 i a 0 
14 0 0 0 - oe 0 
13 0 0 0 eS 0 
12 0 0 0 0 1 0 
il 0 1 0 a 0 
10 = 0 ee ia 0 
9 1 1 0 a a 0 
8 0 0 0 0 4 1 
7 5 : + 2 2. 1 
6 3 1 0 0 5 1 
| 
5 3 2 | oa if 4 1 
4 10 6 ae 4 2 
3 |} 9 | 2 a aes 4 5 
2 | if | 9 2 a 5 2 
1 | et Si 5 7 
0 10 - 18 40 3 25 
aif iy | 1 6| «(13 6 | 7 14 
—2 = ae eek 8 0 | 4 19 
— 3 ; a 3 8 | 3 8 1 
-* <a 2 cae } &2 
i | 
} | | 
~ § | es i: | i? 1 
— 6 | 2 1 the ie i a 1 2 
—~7 ame. | 0 0 S ie 2 
— 8 1 1 0 0 1 0 
—~9 | 0 0 ae a 1 0 
—10 or, ea P.- 2 | 0 0 
—11 nae ee oe .. 8 
—12 | oO 0 0 a ee 0 
—13 0 0 0 | oO 1 0 
—14 | 0 0 5 6 | 1 0 
a & }—— 
Mean | 1.08 64 0 — .30 41 | — .44 
Mean of absolute 
values | 3.10 | 2.67 1.31 74 | 5.10 | 1.82 
Root mean square 
error | 4.40 3.95 1.86 ' 1.25 | 7.72 3.01 


























Jan., 1922] THe DISPERSION OF GLASS 65 


A formula suggested by Nutting‘ requires less detailed con- 
sideration. He proposes a particular case of the type 
1 
—— = A+B 
pl 
It is easy to show that no such formula can be applicable to glasses 


in general. For it involves among other relations the particular 
relations 


Ba’ ~ Be Me at. 





=f, a constant 
Mce— wr par— 1 
and 


Be~ Bo’ Be 1 





=g, a constant 
Mc— Pr pe’ — 1 


If the three partial ratios 





Ba Hp Bo Wy Wm Be’ 

fe up MC— MF Me My 
which are quoted in manufacturers’ lists are denoted by fi, ps 
and p; respectively the above relations may be expressed as 


v— pi 
V+ ps 





pitp2—l=f 

and 
S v+potps 
=8 v+pr—1 
Now normal clear glasses vary regularly in their partial dispersions 
from the fluor crowns with values such as 

v=69.9, pi=.662, p2=.700, ps=.552 
to the dense flints with such values as 

y=32.0, pi=.597, p2=.717, ps=.615. 
Over this range 

p pitp:—1 decreases by 13% 


3 


and 
ps increases by 11% 


* Jour. Orr. Soc. Amer., 2 and 3, p. 61. 
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pr 
On the other hand : falls from .981 to .960, just over 2%, 
v+p2 
vtpot 
and ae rises from 1.022 to 1.065, rather more than 3%. 
™ 


It is clear from these figures that no formula of this class is of gen- 
eral interest in connection with optical glass. 


Optics DEPARTMENT, 
NATIONAL PuHysicaL LABORATORY. 

















INSTRUMENT SECTION 


THE CRYSTELLIPTOMETER 
AN INSTRUMENT FOR THE POLARISCOPIC ANALYSIS OF VERY 
SLENDER BEAMS OF LIGHT 
BY 
Le Roy D. Wetp 
I. INTRODUCTORY 


The determination of the elements of elliptic vibration of light, 
which has been transformed from a condition of plane to one of 
elliptical polarization, is found to reveal so much concerning the 
optical nature of the agencies effecting the transformation that it 
becomes a matter of considerable importance to be able to make 
such measurements with reasonable accuracy. It so happens that 
the ordinary methods, which are employed for the elliptical analy- 
sis, and most of which are too well known to need setting forth 
here, require a fair breadth of field, and would therefore not easily 
apply, for example, to a ray passing through a pin-hole. 

The research presented in this paper had its origin in a problem 
suggested to the writer some years ago by Dr. L. P. Sieg, and was 
begun in 1915. It has been carried out at Coe College by means 
of apparatus, much of which was kindly loaned for the purpose by 
the University of Iowa. 

Various investigators have attempted to obtain the optical 
constants of metals and other opaque substances by reflection 
methods, with indifferent success. It appears certain from the 
research of Tate! that the difficulty has been due, not to lack of 
precision in the analysis of the elliptically polarized light reflected 
from the opaque surfaces, but to the variation in surface condi- 
tions, brought about by the polishing process, which modified 
the nature of that light. Thus it was found impossible to prepare 
two mirrors of the same kind of metal, even by the same process, 
which would give consistent results, while different measure- 
ments, and even different kinds of reflection measurements, on 


1 Tate, Phys. Rev., 34, p. 321, 1912. 
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the same fresh surface, gave good agreement. Dr. Sieg’s suggestion 
was that opaque crystals, with their natural, unpolished facets, 
might be prepared of such surface purity as to obviace this diffi- 
culty, and at the same time furnish material for an interesting 
experimental research in crystal optics. 

Comparatively few large opaque crystals can be obtained in 
perfect form. Drude* made some experiments long since with lead 
sulphide, and Miiller’ subsequently, with antimony sulphide, 
freshly exposed by cleavage, employing ordinary polariscopic 
methods. In 1916 the writer made a preliminary report‘ on the 
present research, which had already given unmistakable evidence 
of strong double refraction in minute hexagonal selenium crystals, 
and at the same meeting,’ Dr. Sieg reported having found by 
direct photometric measurements that the selenium crystal has 
two different reflecting powers in the two principal directions. Mr. 
C. H. Skinner has given an account* of his interesting observations 
on selenium, using the ordinary Babinet compensator method, 
from which he concluded that the crystals, like artificially prepared 
surfaces, have in some respects their individual peculiarities, espe- 
cially in the longitudinal direction. g 

The method adopted by the writer was presented to the Physical 
Society in 1917 but was published only in abstract’ at that time, 
the research being then still in progress. It is applicable not only 
to the polariscopic analysis of light reflected from polished plane 
surfaces of any sort, however small (such as minute spikelets or 
flakes of selenium, tellurium, cadmium, etc.), but to light in slen- 
der beams from any source. Its application has recently been 
suggested, for example, to the comparison, from point to point, 
of the optical properties of metal film-deposits of non-uniform 
thickness. Furthermore, being a photographic method, it is 
adaptable to the ultra-violet, and the apparatus was designed 
with this in view. Its original application to crystal-reflected, 

? Drude, Ann. d. Physik, 36, p. 532, 1889. 

3 Miiller, Neues Jahrbuch fiir Mineralogie, 17, p. 187, 1903, 
* Weld, Proc. Iowa Acad. Sci., 1916, p. 233. 

* Sieg, Proc. Iowa Acad. Sci., 1916, p. 179. 


* Skinner, Phys. Rev., N.S. 9, p. 148, 1917. 
? Weld, Phys. Rev., N.S. 11, p. 249, 1918. 
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elliptically polarized light is what suggested to the writer the name 
“crystelliptometer” for the distinctive apparatus employed. 


II. PRINCIPLE OF THE POLARISCOPIC METHOD 


As regards the polariscopic analysis itself, the method employed 
is a modification of that used by Voigt for the study of polarized 
ultra-violet. The principle is stated in Voigt’s original article* 
and a more detailed account given by Mr. R. S. Minor’ who 
applied it to artificially polished mirrors of steel, copper, silver, 
etc. A non-mathematical statement of the original method will 
first be given. 

Let us have a uniform parallel beam of elliptically polarized 
monochromatic light; to determine the two elements of the elliptic 


a 
vibration, which may be taken as the ratio r = 5 of the X to the Y 
) 


amplitude, and the phase advance V of the X ahead of the Y 
harmonic component (either positive or negative).’° 


R Y 


Fig. 1 
Cross hairs and quartz wedge systems. XY, reticule. C, compensator, R, rotator 
This beam first passes through a pair of quartz wedges similar 
to a Babinet compensator, except that they are fixed with refer- 
ence to each other (C, Fig. 1). The edges are, let us say, vertical, 
that is, parallel to the Y direction. As we now face the oncoming 
* Voigt, Physik. Zeitschr., 2, p. 203, 1901. 
* Minor, Ann. d. Physik, 10, p. 581, 1903. 


1° The reason for here using the inverted V instead of the customary A will 
appear later (Sec. VII). 
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light and move across the emergent beam from left to right, we 
encounter a steady increase in the phase advance, so that, whereas 
the light through the center of the compensator has phase 
difference V (the same as the original light), that at distance x 
from the center has phase difference V+sx, where s is the com- 
pensator constant in degrees of phase per millimeter. Periodically, 
therefore, we shall come to regions of light plane polarized at some 
angle, viz., whereV +sx=0,27,27, .... 


Y 








BF \NH—2/ | ANS IAN 
< 


Showing action of rotator on a strip of plane-polarized light 


The next optical member is another pair of wedges, which will 
be called a rotator (R, Fig. 1). This consists of a wedge D of right- 
handed, and one L of left-handed, quartz, the optic axis of each 
being along the path of the light. It is easily seen that if the 
light entering the rotator be plane-polarized, it will suffer a net 
rotation of plane which will be the greater, the higher the point 
at which it traverses the two wedges. This rotation may be 
designated by gy, g being the rotator constant in degrees of azi- 
muth per millimeter. 

To an observer facing the light as it comes from the rotator, 
any one of the periodic vertical ribbons of plane-polarized light 
from the compensator will have been acted upon by the rotator as 
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shown in Fig. 2. Therefore as we traverse this emergent beam 
vertically along any one of these plane-polarized regions, we shall 
encounter, at intervals, light vibrating vertically, and half way 
between these, light vibrating horizontally (V and H, Fig. 2). 
Finally, let the beam be passed through a Nicol set so as to 
extinguish, say, the vertical component. Obviously, wherever we 
had in one of these plane-polarized strips a point of vertical 
vibration, we shall now have a black spot. The field will then be 
covered with black spots arranged in a regular pattern of vertical 
columns and horizontal rows, the exact design of which will 
depend upon the elements of the original elliptic vibration. Con- 
versely, these elements may be easily deduced from the observed 
arrangement of the spot-pattern. There is introduced into the 


Fig. 3 
Spot-pattern for elliptically polarized light reflected from nickel. (Enlarged.) 

field a pair of cross hairs corresponding to X and Y axes and 
coinciding with the neutral lines of rotator and compensator, 
respectively. This reticule is photographed along with the spot- 
pattern and the coordinates of the spots determined by subsequent 
measurements on the plate. Such a spot-pattern, with the cross 
hairs, is shown, enlarged, in Fig. 3, in which the elliptic polariza- 
tion was produced by reflection from nickel. 

The equations relating to the processes just described, and 
the practical deduction of the elliptic elements therefrom, will be 
worked out in subsequent sections of the paper. 
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III. ADAPTATION OF THE METHOD TO SLENDER BEAMS 


The above procedure, as followed by Voigt and ‘others, ob- 
viously requires a beam of light whose cross section is large enough 
to cover the entire spot-pattern, and hence would not be adapted 
at all, for example, to light reflected from one facet of a small 
crystal. The writer’s modification of it consists simply in keeping 
the very slender parallel beam, so reflected, stationary, and mov- 
ing the whole analyzing system of quartz wedges, cross hairs, 


Nicol and camera back and forth perpendicularly across it, with 
AZIMUTH wane? 








@ CIRCLE 


Fig. 4 E 

Diagrammatic layout of apparatus. S, source. re IO L,, N:, collimator and polarizer. 
K. reflecting surface mounted in front of drum D. X to 
E, crystelliptometer 

a sort of weaving motion, until the whole spot-pattern has been 
covered. The effect is the same as if the beam had a cross section 
as large as the field thus traced out. Whenever any point of the 
analyzing system corresponding to one of the dark spots arrives 
at the beam, the latter is extinguished thereby, and the spot is 
left on the plate. In practice it is not necessary to cover the whole 
pattern, but only the regions of it in which the rows of spots are 
known approximately to lie; and this fact saves much time. 
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The assemblage of optical parts, which is given the lateral 
motion just described, together with its mountings, considered 
as a single instrument, is what has been referred to as the 
“crystelliptometer.” 

The arrangement of the writer’s apparatus for the study of 
crystals is shown in Fig. 4. Light from the source S is focused 
by the quartz lens L, on the inlet slit of the monochromator M, 
from whose outlet slit the monochromatic light diverges and is 
collimated by the quartz lens Lz. (In the earlier work, color filters 
were used instead of the monochromator, and the filtered light 
focused by L, directly upon the slit of the collimator.) The 
parallel beam from L, is plane-polarized in any desired azimuth 
by N,, a large polarizing prism with square ends and a glycerine 
film. 





A B 


Fig. 5 
A, spot-pattern for light reflected for BPs in parallel position. B, in perpendicular 

position 
The crystal or other small reflector K is mounted on a spectrom- 
eter, by means of whose telescope T and verniers V any desired 
angle of incidence may be secured. The mounting can be rotated 
so that it is very easy to exhibit the double refraction of selenium, 
tellurium, etc., the spot-patterns obtained with axis horizontal 
and with axis vertical being quite visibly different, as seen in Fig. 5. 
The slender reflected beam, in general elliptically polarized, 
now enters the analyzing system X, C, R, N; of the crystelliptom- 
eter. X represents the cross hairs, which the writer has found 
it necessary to place in front of the compensator C. (See Sec. VI.) 
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The compensator wedges have an angle of 52’, which gives a 
relative phase change of about 144° per horizontal millimeter with 
sodium light. R is the rotator, with wedge angle 24°, which gives 
a rotation in azimuth of about 16° per vertical millimeter with 
sodium light. The dimensions of the field are about 15 x 30 mm. 
The wedge system and cross hairs are mounted adjustably in a 
brass tube which screws upon the tube containing the analyzing 
prism NV». 

N: is a duplicate of N,, the two being interchangeable. They 
are rectangular prisms 15 x 30 x 30 mm consisting of Iceland spar 
wedges separated by glycerine, the angle of incidence on the inter- 
face being 65°. The emergent (extraordinary) light vibrates 
parallel to the 15 mm dimension. 

The spot-pattern and cross hairs are photographed together, 
by means of the quartz lens Z;, upon the plate P. Behind the 
plate is an eyepiece E, used in adjusting the focus and alignment 
before the plate is inserted. The plates are 1 x 1% inch, with 
emulsion adapted to the wave-length, and are held in a diminutive 
plate holder. 

The whole crystelliptometer, from cross hairs’ X to eyepiece E, 
is contained in a tube about 85.cm long, so mounted on two pairs 
of guides at right angles that it can be given the weaving motion 
referred to in order to trace out the spot-pattern. This is accom- 
plished by means of two micrometer screws perpendicular to each 
other. One of these screws is driven by a worm-gear electric 
motor mechanism so as to move the instrument slowly across, 
along a line determined by the other screw, the speed varying 
with the exposure required. Furthermore, the whole tube, with 
its micrometer mountings, can be rotated about its longitudinal 
axis through any desired angle, thus varying the relative inclina- 
tion of the elliptic vibration to be analyzed, with respect to the 
coordinate axes of the analyzing system. The extinction plane of 
the analyzer N2, which coincides with the Y axis, being first verti- 
cal, one spot-pattern is produced. On rotating the instrument 
through an angle @ another is obtained, and so on; without, how- 
ever, modifying in any way the actual nature of the elliptic 
light under analysis. The equations used in the subsequent 
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theory make provision for this arbitrary angle 6, the advantage of 
which will then appear. 

The source of light at first employed was an open Nernst fila- 
ment, which has later been replaced by a special low-voltage 
tungsten ribbon lamp. In some preliminary work with ultra- 
violet, an iron arc was employed. 

A general view of the apparatus is shown in Fig. 6. 

















Fig. 6 


General view of crystelliptometer and accessory apparatus 


The spot-patterns are measured upon a micrometer comparator 
to one-hundredth of a millimeter. The lenses were removed from 
the microscope, and a pin-hole and hair-line substituted, a device 
suggested to the writer by Dr. Elmer Dershem. Not a little of 
the routine work consists of the p!ate measurements and their 
reduction. It has been found possible, with good, clear plates, to 
locate a spot by a single measurement with a probable error of 
less than one-hundredth of a millimeter. A selenium spot-pattern 
and the corresponding “comparison plate” (see Sec. VI) are shown 
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together as A, B in Fig. 7, and another similar pair, with greater 
wave-length, as C, D. 

The quartz lenses and wedges and the Iceland spar wedges for 
the Nicols, designed by the writer, were made by Hilger of London, 
as was also the monochromator; the comparator by Gaertner of 
Chicago. The remainder of the special apparatus, including the 
driving mechanism, was built at the University of lowa by Messrs. 
M. H. Teeuwen and J. B. Dempster, assisted by the writer. 


Fig. 7 
A, selenium spot-pattern. 8, corresponding comparison plate. C, D, same, with greater wave-length. 
Note the greater spot-intervals 


IV. OUTLINE OF THE MATHEMATICAL THEORY OF THE 
ANALYZING SYSTEM 


The mathematical theory of the action of the analyzing system, 
as used in the writer’s method, and of the determination of the 
elliptic elements, will now be briefly given." In the notation here 
used, X and Y are components of the vibration displacement of 
the light, while x and y are coordinates of points of the field with 
reference to the axes. 


" This is necessary for the reason that the present method departs in certain essen- 
tial particulars from the original and gives rise to a different set of equations. Minor 
did not, for example, rotate the quartz wedge system through the arbitrary angle @ 
which makes possible the least square adjustment of the observations, and which, 
as will be easily seen, also provides automatically for any difficulty due to the azimuth 
of the light under examination happening to be very small, without altering that 
light in any way. 
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Let the harmonic components of the elliptic vibration to be an- 
alyzed, as viewed by one facing the oncoming waves, be given by 
the equations 

X =a cos (wt+V) 
Y = 5 cos wt 

If the analyzing system by now rotated through an angle+8, 
these equations are transformed, with reference to the new axes, 
into 

X’ =a cos 6 cos (wt +V) +6 sin 8 cos wt 
Y’=b cos 8 cos wt— a sin 6 cos (wt +V) 

Upon passage through the compensator, the Y-component 
receives an advance of phase, varying with the abscissa x of the 
point where it passes through, and equal to sx. (3) and (4) then 
become 

X” =a cos 6 cos (wt +V)+56 sin 8 cos wt 
Y" =b cos @cos (wt+sx)—a sin @ cos (wt +V +sx)(6) 

Upon passage through the rotator, there is a simple rotation of 
the axes of the ellipse, without further change, through an angle 
qy, which corresponds to a rotation —qy of the coordinate axes, so 
that the components of the finally emergent light are 
X’” =a cos 6 cos gy cos (wt +V)+5 sin 8 cos gy cos wt 

—b cos @ sin gy cos (wt+sx)+a sin @ sin gy cos (wt+V+szx). 


y’”’ =(a corresponding long expression which we shall not 


The light now passes through the Nicol N2, which shuts off 
the Y-component all over the field; hence (8) is not needed. 
Only X’” gets through, and this will vanish, leaving the dark 
spots, at every point where x and y have such values as to render 
the expression (7) equal to zero all the time, that is, independently 
of the value of t. To fulfill this condition, dividing (7) by 6 cos @, 


es. . sti 
letting ; =r, expanding the parentheses containing wt and group- 


ing the terms in sin wt and cos wt separately, we have 
[—r tan @ sin gy sin (V+sx)+sin gy sin sx 
—r cos gy sin V] sin wt 
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+[tan @ cos gy+r cos gy cos V —sin gy cos sx 
+r tan 6 sin gy cos (V+sx)] cos wt =0. 
That this may be true independently of ¢, the coefficients must 
separately vanish, giving 
—r tan @sin gy sin (V +sx)+sin gy sin sx—r cos gy sin V =0. . (9) 
tan 8 [cos gy+r sin gy cos (V+sx)]+r cos gy cos V —sin gy cos sx 
Letting tan =m, expanding the functions of V +sx, and collect- 
ing, these become 
[m sin gy cos sx+cos gy]r sin V +m sin gy sin sx. r cos V 
= sin gy sin sx 
m sin gy sin sx. r sin V +[m sin gy cos sx+cos gy}r cos V 
= sin gy Cos sx —m cos gy 
In these equations, x and y are the measured coordinates of 
any dark spot, s and g are the compensator and rotator constants, 
determined from the spot intervals, and m is the tangent of the 
known angle 6. Hence everything is known except r and V. 
Letting 
m sin gy cos sx+cos gy =H, 
m sin gy sin sx = K, 
sin gy sin sx =L[, 
sin gy cos sx—m cos qy =P, 
(11) and (12) become 
H-r sin V+K-r cos V=L 
K-r sin V+H-r cos ¥ =P 
the solution of which, as simultaneous equations, gives the re- 
quired elliptic elements 








_V(L?+P*) (H?+K?*) —4 LHPK 
tog H?— K? 


2 YES Hae eee eer ee (17) 


ten Vm 
=" ee 


It is thus theoretically possible to deduce the elements from 
the measured coordinates of any single spot. 
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V. APPLICATION TO SPOT-PATTERNS 


If we place under examination light which is plane-polarized 
at azimuth 45°, so that r=1 and V =0, it will be seen from the 
manner of their formation, as described in Sec. II, that the spots 
will be symmetrically arranged with respect to the Y-axis in 
equally spaced horizontal rows. This is the condition of things 
on the comparison plate, Fig. 7 B (see Sec. VI). Let the distance 
apart of the spots in the rows be d, and in the vertical columns, 
6 (Fig. 8). These are easily measured (see Sec. VI). The com- 


, 3 
pensator constant s is equal to - and the rotator constant g 


equals - in degrees per millimeter (see Sec. IT). 
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Fig. 9 


Diagram of spots on a pattern taken with light 
elliptically polarized at phase difference 
202° and azimuth 29° 


Diagram of spots on a comparison plate, taken 
with plane-polarized light at 45° azimuth 


If now we introduce by any means a phase difference V between 
the X- and Y-components, there will be a uniform lateral dis- 
placement a of the whole spot system, so that the coordinates of 


a ) ) , 
the spot S, which in Fig. 8 are 0, re now become a, rt Then, again, 


if a change is produced in the azimuth of the incident light, the 
alternate rows +1, —2, etc. will be displaced vertically one way, 
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and rows +2, —1, etc., the other way, through a certain amount 
, 5 

a, so that now the coordinates of S are x =a, y = r +a (a being neg- 

ative). These changes are shown in Fig. 9.” 


Introducing the above values of s, g, x, and y into (13), and 
resuming m = tan 6, we get 


H =tan@sin [45° ae ; 180° | cos| $360" +cos| 45° oa = 1 so], 


K =tan @ sin [45+ 180° }sin [$300"], 
’ - (18) 


| 
b, 
L =sin [s+ 180° in| $360" | 
ri) d | 
a 
} 


P= sin] 45° + ; 180° Jeos| $360" —tan 6 cos| 45° + ; 180° 
While the attention is, indeed, fixed on one particular spot S, 


- : 6 sala fa 
Fig. 9, whose coordinates are a and 4 +a, yet in actual practice it 


is expedient to make measurements on a number of spots, usually 
twenty or more, and deduce the position of S from them. Refer- 
ring to Fig. 9, it is clear that the abscissa of any spot in the mth 
vertical column (numbered along the bottom of the figure) is 


eo 
r=atns, 


which gives 


By measuring the abscissas of several spots in different rows, 
thus varying x and n, we obtain as many independent observa- 
tions upon a. 


12 Jf the azimuth is made 90°, rows +1, +2, rows —1, —2, etc., will merge or 
dove-tail together in pairs forming continuous horizontal dark stripes. If it is made 0, 
the pairs of rows +1, —1, etc., will similarly coincide. This affords a good means of 
adjusting the quartz wedge system with respect to the previously adjusted analyzing 
Nicol (see Sec. VI). 
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Again, the ordinate of any spot in the vth horizontal row 


(counted upward or downward from the X-axis) may be seen to be 
3 
y= +(-1)"? q- 5 


or PO We a p+ FY 
(+ according as the row is above or below the X-axis), and we 
shall have, therefore, as many observations upon a as there are 
spots measured. 

The averages from these observations on a and a are easily 
obtained by means of formulas depending upon the particular 
selection of spots made. If the selection consists of an equal num- 
ber of vertical columns on each side of the Y-axis and of horizontal 
rows above and below the X-axis (as should be the case for other 
reasons), these averaging formulas become quite simple. a, a, d 
and 6 being thus determined from the measurements on the plate, 
substitution of their values in (18) gives the necessary constants 
H, K, L, P, appearing in the expressions for r and tan V, Eqs. 
(16), (17), and the problem is solved so far as is possible from a sin- 
gle experiment. 

We may, however, expose other plates with different values of 
9, obtained by rotating the crystelliptometer tube about its own 
axis. This does not alter the elliptic elements, but it gives new 
values of H, K, L, P. In such case, (14) and (15) may be used as 
observation equations of the first degree with r sin V and r cos V 
as unknowns, and we may obtain as many different pairs of them 
as there are measured plates, finally adjusting them by the method 
of least squares. It has been the writer’s practice to assign a 
weight to each measured plate by means of the grading method," 
each plate characteristic, such as clearness, symmetry of spots, 
etc., being graded separately. 

It should be stated that, except in cases where the number of spots 
on a plate available for measurement is too limited for precision, a 


8 Weld, A Method of Assigning Weights to Original Observations, Science, 50, 
p. 461, 1919. 
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single plate, with @=0, is sufficient, and a vast amount of labor- 
ious calculation is thus avoided. For with 6=0 in (18), the elliptic 
elements, given by (16) and (17), reduce at once to 


r=tan [4se+ $180°]..............-.@n) 


It is only with light of very large wave-length that the number 
of spots in the field is likely to be so few as to require the repeated 
exposures. 


VI. MISCELLANEOUS DETAILS AND SOURCES OF ERROR 


The general arrangement of the apparatus as employed for 
the study of opaque crystals was explained in Sec. III. In order 
to adjust all the parts in proper relation to each other, use is 
made of a sensitive cathetometer set with reference to the pier 
on which the apparatus stands. By this means is secured the 
horizontality of the monochromator, the collimator, the polarized 
incident beam, the reflected beam from the crystal, and the 
crystelliptometer tube, taken in the order named. The plane of 
incidence and reflection is thus strictly horizontal, and the azi- 
muth of polarization, the arbitrary angle 9, and the vibration com- 
ponents X and Y are reckoned with reference to it. The crystal 
is mounted on the end of a small rod in front of the dark opening 
into a hollow drum,—a black body, so to speak, which makes a 
perfectly dead back-ground. The mounting may be turned in a 
vertical plane, and is provided with a graduated circle, so as to 
give the crystal any desired angle from 0° to 180° with the plane 
of reflection. The drum (D, Fig. 4) is placed on a spectrometer 
prism table for adjusting the angle of incidence, as previously 
explained. 

Considerable trouble has been experienced with the mono- 
chromator, inasmuch as no reliance can apparently be placed 
upon the wave-lengths indicated by it; and furthermore, the wave- 
length corresponding to any given setting is found to vary from 
day to day. In all final work it has therefore been customary to 
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divert the light emerging from the monochromator into a separate 
grating spectrometer (not shown in Fig. 4) and compare it with 
the sodium standard just before making each exposure. Another 
and more serious difficulty with the monochromator is the impur- 
ity of the light furnished, especially in the shorter wave-lengths. 

The accurate adjustment of the focus of the collimating and 
camera lenses is a matter of some importance, especially the 
latter. These quartz lenses are, of course, not achromatic, and 
the focus must be calibrated for wave-length. In the case of the 
collimator, it has sufficed to measure the focal length for one 
wave-length on an optical bench and calibrate the tube from the 
known dispersion of quartz. But any inaccuracy in the focus 
of the camera lens will result in displacements of the spot images 
and resultant errors in the elliptic elements, so that this requires 
greater precision. The method here employed is one devised by 
the writer and referred to as the “offset”? or “broken prism” 
method.“ The proper focus for a given wave-length may be thus 
obtained with a probable error of only one or two tenths of a 
millimeter, and it is easy to calibrate the focus tube accordingly. 

The need for a special precaution arises from the fact that 
the spot-pattern in the crystelliptometer appears to be a sort of 
virtual image lying in a definite plane. It is necessary to get 
the cross hairs accurately into that plane, otherwise there will 
be an apparent parallax between cross hairs and spots, and the 
results will be seriously affected if the light happens to be not 
strictly parallel to the crystelliptometer axis. Furthermore, the 
position of this virtual plane is found to vary systematically 
with the wave-length, so that the adjustment has to be made for 
each wave-length used. This is accomplished by mounting the 
cross hairs in a ring having a longitudinal micrometer movement 
in the tube. The crystelliptometer is turned a little to right 
and left with respect to the beam of light and the reticule moved 
forward or backward until the parallax disappears. It has always 
been found necessary, in the visible spectrum, to place the reticule 
in front of the compensator, as in Fig. 4. 


4 Weld, Some Precise Methods of Focusing Lenses, School Science and Mathe- 
matics, 18, p. 547, 1918. 
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The cross hairs in the writer’s instrument are of very fine 
spun glass, their images representing on the plate the X- and Y- 
axes of the spot-pattern. The ring in which they are mounted is 
provided with the usual lateral adjusting screws. It is inevitable 
that the reticule will get out of adjustment laterally, and for the 
purpose of determining this error (which would be serious if neg- 
lected), what are called comparison plates are taken at frequent 
intervals, using a full-sized beam of parallel, strictly plane- 
polarized light direct from the polarizing Nicol. The cross hairs 
are first given approximate adjustment visually, using this light. 
The comparison plate is then taken and the small errors of cross 
hair adjustment remaining, amounting to a few thousandths of a 
millimeter, are determined by measurements upon it and proper 
allowance made for them in the reduction of other plates. If a 
symmetrical pattern is selected, the adjustment of the horizontal 
cross hair is really immaterial, as the true X-axis can readily be 
found as the mean position of the horizontal rows of spots em- 
ployed in measuring any plate. 

Owing, no doubt, to slight inequality of the quartz wedge 
angles, the cross hair adjustment error is found, like the parallax, 
to vary systematically with the wave-length, and a new compari- 
son plate must therefore be taken for each wave-length used. It 
is very difficult, even with the spectrometer test, to keep the wave- 
length strictly constant through a series of experiments. Curiously 
enough, the most sensitive, and the final, check on wave-length 
has been found to be the spot-interval d (Figs. 8, 9), which can 
be measured with great precision (see below). The greater the 
wave-length, the farther apart are the spots, both horizontally 
and vertically, on account of the dependence of both the phase- 
relation change, and the rotation, in quartz, upon the wave- 
length. (See Fig. 7.) In practice, it is found advisable to 
determine, by means of auxiliary comparison plates, the relation 
of the cross hair error to d for light in each region of the spectrum 
used, and to deduce the required correction from the measured 
d on each elliptic plate. 

The accurate determination of the spot intervals d and 6 for 
each plate is an essentially vital part of the work. The most 
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probable value of d can be deduced from the plate measurements 
by forming observation equations from the abscissas of the spots 
taken by groups in each row, and applying the simple least square 
adjustment requisite to the case. This is all done very quickly by 
means of a formula which is the same for all spot-patterns similarly 
selected. With a symmetrical spot-pattern 4is simply twice the 
mean absolute ordinate of the spots (without sign). Thus no 
extra measurements are necessary for d and 6. But it will not do 
to rely on the comparison plate, or any other one plate, for the 
spot-intervals corresponding to a supposedly fixed wave-length, 
as variations of wave-length too slight to have noticeable effect on 
the ordinary properties of the light, will cause serious errors 
through this means. 

When, as usual, the arbitrary orientation 6 (Sec. IV) is zero, it is 
seen by Eq. (21) that the ratio r of the two vibration components 
of the unknown light, which is the tangent of the azimuth, is given 
in terms of a and 6. These are determined from the y measure- 
ments alone. For some reason not certainly explained, it has been 
found that there is a persistent error in r as deduced from the 
measurements on the spot-pattern, whose value appears to be a 
linear function of r itself. The error is eliminated by first finding 
the uncorrected value of r from the plate measurements, and then 
taking a correction pattern with plane-polarized light having 
azimuth set for that value of r (which is thus accurately known). 
The measurement of this plate, and the comparison of the erro- 
neous value of r deduced therefrom with the true value given by 
the polarizer azimuth circle, afford the necessary correction, 
which sometimes amounts to as much as two or three degrees. 
This must be done for each wave-length used. These azimuth- 
correction plates, like the comparison plates, are taken with full- 
sized beam from the polarizer and require only a short exposure. 

One more detail of technique is worthy of note. It will be 
noticed from Fig. 7C, for example, that on some patterns the spots 
are not symmetrical vertically, but are decidedly triangular or 
cuneiform, and tend to run together in double rows. This makes 
it difficult to estimate the Y position of the spot nucleus with 
certainty in measuring these plates. It will not do to bisect the 
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spot with the micrometer in this direction. In order to ascertain 
the location of the nucleus within the spot, the means adopted 
has been to calculate, theoretically, the geometrical form of the 
concentric lines of equal intensity surrounding it, taking the con- 
stants from actual measurements on typical plates. The form 
of these lines, derived from an application of the mean value 
theorem, is 

1—M —(1—r*)cos*gy 

r sin 2gy 





cos(V — sx) = 2 (23) 


in which M is a parameter depending on the intensity along the 
curve in question; for the nucleus, M=0. x and y are the coordinate 


Y 


5 


Proper position for 


comparator hair 








Lines of equal intensity about the spots of Fig. 5B, greatly enlarged 


variables, and the other quantities have the same meanings as in 
Sec. IV. Fig. 10 shows the nuclei and curves corresponding to 
M =0, 0.25 and 0.50 on the plate shown in Fig. 5B. With the 
knowledge afforded by such a figure, it is easy to estimate with 
some accuracy what point within the spot is to be aimed at in 
making the measurement. The nucleus appears to represent 
approximately the center of gravity of the spot area, rather than 
to bisect its vertical dimension. 
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VII. Typrtcat APPLICATIONS. REFLECTION FROM SELENIUM 
CRYSTALS 


Among the preliminary tests of the crystelliptometer and the 
methods of using it set forth in the foregoing sections were the 
analysis of polarized light rendered elliptical by reflection from 
nickel and copper mirrors or from crystals of lead sulphide and 
tellurium, or by passage through sheets of mica; and a tryout 
of Fresnel’s equations for the rotation of plane-polarized light 
reflected from glass. The only problem, however, upon which 
serious attack has yet been made by the crystelliptometer method 
is the experimental part of an extensive research now in progress 
at the University of Iowa, viz., the optical laws of absorbing 
crystals. The general theory of this subject was handled with 
great thoroughness by Drude in his inaugural dissertation” many 
years ago, but until recently the only experimental data upon 
which tests of the theory might be based have been with reference 
to certain large crystals of the rhombic system. The unique elec- 
tro-optical properties of the hexagonal selenium crystal have sug- 
gested a revival of the subject, the outgrowth of which is the 
research in question. The few data given below are the first final 
results obtained by this method, and will serve to illustrate 
it. They are summarized from a long series of measurements on 
many selenium crystals, and involved the taking of nearly three 
hundred plates. The instrument is now in the hands of other 
observers whose aim is to accumulate information regarding 
the optical properties of small crystals of various metallic sub- 
stances. 

Some of the finest crystals of hexagonal selenium ever prepared 
were kindly put at the writer’s disposal by Dr. E. O. Dieterich, 
who produced them by sublimation at the University of Iowa. 
They are 2 or 3 cm long and with facets often 0.5 mm in width. 
From some hundreds of these, about a dozen superb specimens 
were selected and mounted for use with the crystelliptometer. 
Selenium has a tendency to twist and warp, and great care had to 
be exercised to select crystals with plane facets. Even with these it 


% Drude, Ann. d. Physik, 32, p. 584, 1887. 
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was usually found expedient to limit the illumination to only one 
or two millimeters of length, so that an area.of one square milli- 
meter or less of reflecting surface was quite typical. 

Much of the work was carried on at wave-lengths near the mid- 
dle of the visible spectrum. The incident light was, in every case, 
plane-polarized at azimuth 45°. Several crystals were tested 
in both horizontal and vertical positions at wave-length 0.5,, 
and at incidence angles 45° and 60°. At the other wave-lengths the 
incidence angle was maintained at 60°. The wave-lengths prin- 
cipally used were 0.45, 0.50y, 0.55y, 0.654, and 0.70u, a range 
sufficient to give typical results. The wave-length 0.604 was de- 
ferred to a separate research, for the reason that the data obtained 
by C. H. Skinner" and others with selenium contain certain anoma- 
lies near this point, while the writer’s results are strongly sugges- 
tive of what, with a transparent substance, would correspond to an 
absorption band, in the neighborhood of this wave-length. The 
matter deserves, therefore, more minute investigation. 
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Fig. 11 
, incident vibrations, plane-polarized. B, C, elliptic vibrations viewed looking with and against the beam, 
respectively 





Upon experimenting with a number of crystals prepared at 
different times, it was found that, with one or two exceptions, they 
gave fairly consistent results, though all the crystals were several 
months old when the experiments were begun. Great care, however, 


% Loc. cit. 
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had been taken to keep them clean and away from contact 
with fumes or corrosive gases. It is quite possible that these 
exceptions were due to surfaces that had in some way become 
tarnished or contaminated, in spite of the precautions. After 
the first trials, three crystals were selected which gave the clearest 
spot-patterns, and subsequent work was confined tothese. The 
data in the accompanying tables are the weighted means of the 
results obtained at the respective wave-lengths. It should be 
stated that those corresponding to 0.704 have small relative 
weight. 
Elliptic Elements for Selenium Crystal at 60° Incidence 
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The data refer to the light vibrations as they would appear 
to an observer stationed just behind, or within, the reflecting 
surface of the crystal. The plane-polarized incident light vibrating 
as represented in Fig. 11A, the reflected light vibrates elliptically 
as in B. But as the latter is viewed through the crystelliptom- 
eter, the observer, facing the oncoming reflected beam, it would of 
course appear reversed, as in C. The phase difference V of Sec. 
IV, which is what the crystellipometer analysis gives, applies to 
Fig. 11C; while the A given in the tables below, corresponding to 
Fig. 11B, is simply V minus 180°. W is the azimuth angle, whose 


¢ *. * a ~ oa 
tangent is the amplitude ratio por of Sec. IV. 
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Two Incidences at Wave-length 0.5 Micron 
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The values given in the second table are capable, according 
to Dr. R. P. Baker, who has recently investigated the application 
of Drude’s theory to hexagonal crystals, of yielding the two sets 
of optical constants of selenium corresponding to this wave-length. 
It is expected that this calculation will appear in a subsequent 
paper along with data from the further experimental work now 
in progress. 





4 | @egrees) on (Degrees) 


4 jor Tellurium a 4 for Selenium 





, = ae ae a ee. ~ io a 


Inclination (Degrees) Inclination Degrees) 


Yaa (Degr ees) r 












! ¥ fer Selenium 
Porn ss) 
~ 
r 
- W fer Tellurium 
eT Ta ee se ee se o = 
Inclination (Degrees) Inciinetion(Degrees) 


Fig. 12 


Variations of A and V with inclination of crystal, to plane of incidence, for selenium and tellurium 


The above results refer only to the two principal positions of the 
crystal, namely, with the axis parallel to and perpendicular to the 
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incidence plane. Incidentally it was thought worth while to study 
the variations of the elliptic elements with the angle of inclination 
as the crystal is turned from one position to the other. Typical 
results are depicted in Fig. 12 with selenium and tellurium. No 
explanation is immediately apparent for the maxima and minima 
occurring in both cases in the value of A, but it is hoped that the 
mathematical theory may ultimately yield one. Further exper- 
iments of this kind would be desirable. 

In conclusion, the writer wishes to pay tribute to the “team 
work” among the various workers at the University of lowa who 
have contributed toward the progress of the research, to one phase 
of which this paper is devoted. The generous cooperation of the 
staff of the Physics Department, and especially of Dr. Sieg, who 
suggested the problem, is very greatly appreciated. 


Coe CoLiece, Cepar Rapips, Iowa, 
Octoser, 1921. 








REVIEWS AND NOTICES 
The Manufacture of Optical Glass and of Optical Systems. By 
Lieut. Col. F. E. Wright, Ordnance Reserve Corps, Ordnance 


Department Document No. 2037. pp. 309 Government Printing 
Office, 1921. 


Col. Wright was in charge of production and inspection of optical glass at the 
plant of the Bausch and Lomb Optical Co. from April 1917 to May 1918; the Army 
representative on the military optical glass and instrument section of the War Indus- 
tries Board from March 15, 1918 until after the armistice; chairman of the Army 
commodity committee on optical glass and instruments under the Director of Purchase, 
Storage and Traffic from April 1918 until after the armistice; and in charge of Optical 
Systems in the fire-control section of the engineering division of the office of the Chief 
of Ordnance from August 4, 1918 to June 18, 1919. This war experience added to that 
gained by many years of special optical research work fitted Col. Wright most admir- 
ably for preparing, at the request of the artillery division of the Ordnance Department, 
this most excellent summary of the best practice in making, inspecting and using 
optical glass in America. 

With the exception of a brief introductory outline of the general manufacturing 
problem and of the progress made during the war and the concluding chapter dealing 
with the lessons learned, the book is a mass of concise information relating to optical 
glass; its properties, constitution, defects and utilization. Desirable and undesirable 
characteristics are briefly discussed at the end of the second chapter. Chapter JII on 
glass manufacturing processes is the heart of the book. Raw materials, pots, furnaces, 
batch composition, mixing, filling, skimming, stirring, cooling, annealing, breaking up, 
molding and final annealing are dealt with briefly but adequately in rapid succession 
in about a hundred pages. The three following chapters deal with the inspection of 
optical glass, the manufacture of lenses and prisms and with the inspection of finished 
optical parts and systems. 

The big thing about this book is that it opens wide the doors of publicity upon the 
vital processes of glass making heretofore held closely secret. Dr. Wright further 
turns a scientific searchlight (the phase diagram of a three component system) upon 
those “secrets,” shows them up, brushes away the cobwebs, selects the best and dis- 
courses upon them for our edification. 

One cannot but be impressed with the volume and high quality of the technical 
results achieved by this selected corps of able workers in a very short time. They 
found the field ripe for their efforts. Optical glass of a variety of essential classes had 
previously been produced at at least four or five different plants and at least two of these 
were attempting quantity production. As every one familiar with manufacture 
knows, the next step toward success is the establishment of rigid factory control and 
inspection. This was quickly worked out and put in effect by the corps of experts 
under the leadership of Dr. Day and Dr. Wright. Innumerable details of processes 
had to be investigated under high pressure and the results immediately applied in 
practice. Production was “over the top” in but a few months. At the time.of the 
armistice it was 40 tons per month (ample for our needs), of a quality equal to any 
imported and fully as far within the limits of tolerance in variation of index. 


92 
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The reviewer offers criticisms of this admirable work only with the greatest 
reluctance and in the hope that they may be of service in the preparation of a future 
edition. Misprints and repetition of statements are noticeably frequent as might 
be expected in a book hurriedly written from fresh notes. The historical matter 
might well be omitted or better still perhaps, expanded to include an outline of 
previous work in this field by Keuffel, Feil, Kerr, Duval and others in various plants, 
noting that many million dollars worth of optical war instruments had been made 
for the Allies in this country prior to 1917 in which American made optical glass was 
used in part. The brief introductory discussion of lenses and optical instruments, pp. 
16-29, appears quite unrelated to the remainder of the book. A comparison of the 
effects produced by defective glass with the various lens aberrations would have been 
in order. Had a hundred page discussion of war instruments been added it would have 
been well worth while. 

In connection with the discussion of the coloration of glass by iron, it would be 
well to add cuts of the characteristic absorption curves of ferrous and ferric silicates 
which have been carefully studied. But two dispersion formulas are noted; the 
valuable Hartmann (for interpolation) and Cuthbertson formulas among a dozen 
others not being mentioned. On the other hand a simple well known invariant ratio 
is enlarged upon at considerable length with no mention of its simple mathematical 
basis. The sections on the testing of optical parts and systems could be considerably 
improved. Several of the best methods of testing are not even mentioned and limits 
of tolerance in performance are neither set nor discussed as fully as might be desired. 

All optical engineers will be glad to have this work in their reference libraries. 
Even to the laymen it will prove very interesting. The printing is exceptionally fine, 
the paper and binding good. 

P.G. Nutting. 


OPTICAL SOCIETY OF AMERICA 


MINUTES OF THE EXECUTIVE COUNCIL 
Woods Hole, July 20, 1921 


A meeting of the Executive Council was held at Woods Hole, Mass., July 20, 
1921, with the following members present :—Southall, Forsythe, Nutting, Jones, Richt- 
myer and Priest. 

The following new members were elected:— 


Frederick J. Bates (Regular), 1649 Harvard St., Washington, D. C. 

Charles Bittinger (Associate), Duxbury, Mass. 

Paul S. Helmick (Regular), Physics Department, Iowa City, Ia. 

Lawrence Radford, (Associate, Transferred to Regular, Oct. 24, 1921), Bureau 
of Ordnance, Navy Dept., Washington, D. C. 

Fred E. Altman, (Regular) 27 Lake View Terrace, Rochester, N. Y. 

John S. Paraskevopoulos (Regular), National Observatory, Athens, Greece. 
Frederick C. Clark (Associate), American Writing Paper Co., Holyoke, Mass. 
Herman A. Holz (Associate), 17 Madison Ave., New York City. 

John C. Hubbard (Regular), New York University, University Heights, New 
York City. 

(Karl) Wilhelm Stenstrom (Regular), University Club, Buffalo, N. Y. 

E. Leon Chaffee (Regular), Cruft Lab., Harvard College, Cambridge, Mass. 
Paul E. Klopsteg (Regular), 460 E. Ohio St., Chicago, Ill. 
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Gordon Ferrie Hull (Regular), Dartmouth College, Hanover, N. H. 

Sau! Dushman (Regular), General Electric Co., Res. Lab., Schenectady, N. Y. 
Hugo Fricke (Regular), Cleveland Clinic, Euclid Ave. & 93rd St., Cleveland, O. 
Arthur W. Gray (Regular), 312 S. Walnut St., Milford, Delaware. 

William Gaertner & Co. (Associate Corp.), 5345 Lake Park Ave., Chicago, Ill. 
Charles C. Bidwell (Regular), Cornell University, Ithaca, N. Y. 

Erich A. Bandoly (Associate), 460 E. Ohio St., Chicago, Ill. 

George R. Harrison (Associate), Box 863, Stanford University, Cal. 

Frank Milton Gilley (Associate), 21 John St., Chelsea, Mass. 

E. P. T. Tyndall (Regular), Rockefeller Hall, Ithaca, N. Y. 

Archie Garfield Worthing (Regular), Nela Research Laboratories, Nela Park, 
Cleveland, Ohio. 


“Draft of a proposed agreement between the Optical Society of America and the 
Association of Scientific Apparatus Makers of the United States, with respect to the 
publication of a journal (Written July 4, 1921)” was approved viva voce after discus- 
sion, Nutting and Priest having advanced arguments against the agreement. No 
record vote was taken. (Copy of the draft is on file with the Secretary.) 

Pres. Southall’s plans for the Helmholtz Centennial Memorial in connection with 
the Rochester Meeting, Oct. 1921 were approved. 
Irwin G. Priest, 
Secretary 


OPTICAL SOCIETY 
OF AMERICA 
REPORT ON AMENDMENT OF By-Laws 
Washington, Oct. 20, 1921. 
Irwin G. Priest, Secy. 

Optical Society of America. 

We, the undersigned regular members of the Optical Society of America, have 
counted the votes on Amendments to the By-laws as proposed on the attached ballot 
form, and have found the vote to be as entered in the blanks after “Yes” and “No” 
on the form herewith. 

H. J. McNicholas 
(Signed) M. K. Frehafer 
Tellers. 


OPTICAL SOCIETY OF AMERICA 
BALLOT 


AMENDMENTS TO By-Laws 


The following amendments have been duly proposed and considered favor- 
ably by the Council. They are now submitted to the Honorary and Regular Mem- 
bers. Vote “Yes” or “No” in the spaces provided. To be counted, votes must be 
received by the Secretary not later than 4:30 P.M., October 20, 1921. - 

By-law IV, Election of Officers, Section 1, Eligibility, now reads “Officers shall 
be elected from among the regular and honorary members of the society. The president 
of the society shall not be eligible for election to a second consecutive term. No 
officer of the society shall be eligible to hold the same office for more than two years 
in succession” 
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to be amended to read; (Yes 106, No 8) 
“Officers shall be elected from among the regular and honorary members of the society. 
The president and vice-president shall be elected for a two-year term, the secretary 
and treasurer for a five-year term of office and shall not be eligible to re-election. 
Members at large of the council shall be elected for a two-year term and shall be eligible 
to but one re-election.” 

By-law, Section 3, Mode of Election, now reads 

“Election shall be by ballot and shall be by the primary system. The two persons 
receiving the highest number of votes cast for any office in the primary shall be placed 
in nomination for regular election. In any primary, if no nominee receives twenty 
per cent of the votes cast, nomination shall be made by the Council” 

to be amended to read; (Yes 95, No 17) 
“Election shall be by ballot. Nominations shall be made by a nominating committee 
appointed by the president and approved by the Council. This committee shall 
consist of five regular members of the society, at least three of whom shall be past 
presidents of the society.” 


On the basis of the count certified above and in accord with By-Law VIII provid- 
ing for amendment, the proposed amendments are certified as adopted. 
(Signed) Irwin G. Priest 
Secretary. 
Approved by Council, Oct. 25, 1921. 
5.2. 


OPTICAL SOCIETY OF AMERICA 


MINUTES OF THE EXxeEcuTIVE CoUNCIL 
Rochester, N. Y., Oct. 24, 1921 
A meeting of the Council was held at the Hotel Rochester, Rochester, N. Y., 
Oct. 24, with the following members present:—Southall, Priest, Lomb, Foote, Richt- 
myer, Jones, and Forsythe. 
The following new members were elected: 


REGULAR 
Wheeler P. Davey, Research Laboratory, General Electric Co., Schenectady, N. Y. 
Wm. Francis Gray Swann, Dept. of Physics, Univ. of Minnesota, Minneapolis, Minn. 
Arthur H. Compton, Washington University, St. Louis, Mo. 
Yosikatu Sugiura, 3 Yarai-machi, Ushigome, Tokyo, Japan. 
LeRoy D. Weld, 1531 B. Ave., Cedar Rapids, Ia. 
Jukichi Imai, c/o Nippon Kogaku Kogyo K. K., Morimae Oimachi, Tokyo, Japan. 
Frederic Eugene Ives, 1327 Spruce St., Philadelphia, Pa. 
Ralph E. DeLury, Dominion Observatory. Ottawa, Canada. 
Charles Greeley Abbot, Smithsonian Institution, Washington, D. C. 
Glenn A. Shook, Norton, Mass. 
Henry Franklin Dawes, McMaster University, Toronto, Canada. 
E. P. Lewis, University of California, Berkeley, Cal. 
Carl Danforth Miller, University of Manitoba, Winnipeg, Manitoba. 
Ernest Merritt, Rockefeller Hall, Ithaca, N. Y. 
Charles D. Hodgmar, Case School of Applied Science, Cleveland, O. 
Gordon S. Fulcher, Corning Glass Works, Corning, N. Y 
George F. Kunz, 409 Fifth Ave., New York City. 
Kakuya Sunayama, 3405 Oimachi, Tokyo, Japan. 
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Elihu Thomson, 22 Monument Ave., General Electric Co., Lynn, Mass 
Elizabeth Rebecca Laird, Mount Holyoke College, South Hadley, Mass 
T. R. Merton, Clarendon Lab., Oxford University, Oxford, England. 
Elmer George Quin, 18 Ave. A. West, Rochester, N. Y. 

E. Leavenworth Elliott, 95 River St., Hoboken, N. J. 

William G. Exton, 98 Central Park West, New York City. ° 

Axel Oskar Thure Waldner, Sturevagen 45, Stocksund, Sweden. 


ASSOCIATE INDIVIDUAL 
Conrad G. Goddard, 33 East 50th St., New York City. 
William H. Williams, University of California, Berkeley, Cal. 
Thomas S. Stewart, S. E. Cor. 18th & Spruce Sts., Philadelphia, Pa. 
Edwin L. Hettinger, 1325 Mineral Spring Rd., Reading, Pa. 
David Rines, 99 State St., Boston, Mass. 
Olof A. Axelsson Tenow, Metallograpiska Institutet, Stockholm, Sweden. 


ASSOCIATE CORPORATION 
Munsell Color Company, 120 Tremont St., Boston 9, Mass. 


The following members were transferred from Associate to Regular Membership: 


Carl Bahn 
Raymond Davis 
Lawrence Radford 


Complying with a request of the National Research Council, the Council recom- 
mended the appointment of a Standing Committee on Physiologic Optics and the 
devotion of one or more sessions of the Society’s annual meeting to papers on vision 
and physiologic optics. 

(Cf. Minutes of the Society, 6th Meeting to be published later.) 

On Nov. 17, the president appointed: Richtmyer (Chairman), Troland, and Lan- 
caster on this committee. 

Irwin G. Priest, 
Secretary. 


OPTICAL SOCIETY OF AMERICA 
MINUTES OF THE Executive CounciL 
Rochester, N. Y., Oct. 25, 1921 

A meeting of the Council was held at the Hotel Rochester, Rochester, N. Y. 
Oct. 25, with the following members present:—Southall, Priest, Lomb, Foote, Richt- 
myer, Jones, and Forsythe. 

The following actions were taken: 

(1) A nominating committee directed to make nominations for the election of 
officers were appointed by the President and confirmed by the Council as follows:— 

F. K. Richtmyer (Chairman) 

P, G. Nutting, Fred Wright, Adolph Lomb, J. G. Priest. 

(2) A motion directing the president to appoint a committee on revision of the 
by-laws was carried. The president announced that he would appoint such a commit- 
tee later. 

The president later appointed:—F. K. Richtmyer (Chairman), P. G. Nutting, 
and Irwin G. Priest on this committee. 

(3) The following committee on combination of the Journal with Instrument 
Maker’s Journal was appointed and confirmed: Southall, Richtmyer, Lomb. 
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This committee was given power to act in carrying into effect the action of the Council 
at the Woods Hole Meeting. The committee was authorized to make such minor 
changes and adjustments in the contract as might be required to carry out the intention 
of the Council as indicated at the Woods Hole Meeting. 

(4) The Council unanimously recommended the following amendment to the 
by-laws: Substitute for Art. VIII: 

“By-laws may be enacted, amended or suspended by concurrence of two-thirds 

of the whole Executive Council.” 

(5) It was ordered that the next meeting be held in Washington, during the latter 
part of October, 1922. 

(6) Prof. F. K. Richtmyer was appointed the Society’s representative to the 
AAAS. 

(7) The Council expressed unanimous approval of the plan of publishing in the 
program brief advance abstracts of papers to be presented at the meetings.’ 

(8) The application of the —— —— Library for free copies of the JourNaL 
was referred to the Editor with power to act. 

(9) The question of payment for foreign subscriptions was referred to the treas- 
urer and the editor with power to act. 

(10) The president was directed to appoint a committee to report back to the 
Council on ways and means of preparing and publishing an English Translation of 
Helmholtz’s ““Physiologischen Optik” (2nd Ed.). The president appointed on this 
committee: 

Southall, Lomb and Priest (resigned Nov. 15). Troland was later (Nov. 17) 
appointed to succeed Priest. 

(11) The Council approved holding in connection with the Washington meeting, 
October, 1922, an exhibit of optical apparatus, provided such an exhibit can be arranged 
without expense to the Society. The Secretary was authorized to appoint a committee 
to assist him in planning such an exhibit. 

(12) The following Finance Committee was appointed and confirmed: 

Lomb (Chairman), Richtmyer, Foote, and Priest. 

(13) The editor was directed to publish in a suitable memorial number of the 
Journat the minutes of the Helmholtz Memorial Meeting and the addresses delivered 
by Prof. Southall, Prof. Crew, Prof. Pupin, and Dr. Troland. 

The following subjects were discussed without definitive action being taken: 

(1) The provision in the amended by-laws requiring three past presidents on the 
nominating committee. It was represented to the Council that this provision should 
be stricken out. Those present were of the opinion that it should either be stricken out 
entirely or modified to require only one or two. 

(2) An Assistant Treasurer. 

(3) Payment of salary to Editor. 

(4) Qualifications for membership. 





Irwin G. Priest, 
Secretary. 
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OPTICAL SOCIETY OF AMERICA 


MINUTES OF THE Executive CouNcIL 
Rochester, N. Y., Oct. 26, 1921 
A meeting of the Executive Council was held at Rochester, N. Y., Oct. 26, 1921, 
with the following members present:—Southall, Priest, Lomb, Foote, Richtmyer, 
Mees, Jones and Forsythe. 
The following new members were elected- 


REGULAR 
Robert Scott Lamb, Stoneleigh Court, Washington, D. C. 
Conrad Berens, Jr., 9 E. 46th St., New York City. 
Dr. Herman Haessler, Penna. Hospital, 8th & Spence St., Philadelphia, Pa. 
J. McKeen Cattell, Garrison on Hudson, N. Y. 
Lucien Howe, 520 Delaware Ave., Buffalo, N. Y. 
Floyd C. Fairbanks, 700 Post Ave., Rochester, N. Y. 
M. I. Pupin, Columbia University, New York City. 
ASSOCIATE 
M. Rea Paul, 129 York St., Brooklyn, N. Y. 
The Treasurer made an informal report. 
Irwin G. Priest, 
Secretary. 





